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ABSTRACT 
 
A report published by the National Research Council of the National Academies identified the 
research on understanding and quantifying the value of infrastructure systems to their stakeholders 
and how this value is impacted by the various planning, design, construction, operation, and 
investment decisions as a national imperative. However, there is still a lack of understanding and 
formalized modeling of what different stakeholders value (e.g., energy conservation, safety, 
economic growth) in infrastructure systems and how to valuate (i.e., quantify the worth)  
infrastructure systems based on these values.  
To address the gap, this thesis proposes an axiology-based valuation approach. Axiology is a 
theory of value (worth) that explores questions such as what are the things that we value and how 
to measure the value of these things (Smith and Thomas 1998). The proposed approach aims to 
develop a theory of value – a building infrastructure axiology (Build-Infra-Axio) – and apply this 
theory in understanding and valuating the value (worth) of buildings. The proposed Build-Infra-
Axio is formalized as a theory-based model for valuating and analyzing the value (worth) of 
buildings based on the environmental, social, and economic values of the stakeholders. The Build-
Infra-Axio aims to address questions such as: What are the values of stakeholders? What are the 
system components that may add value? What are the specific stakeholder values that a system 
component may fulfill? How to valuate these components based on stakeholder values? The 
proposed axiology-based value analysis offers a new way for conceptualizing and reasoning about 
iii 
 
the value of buildings and for understanding the impact of design decisions on the value of 
buildings to their stakeholders.  
The thesis work involved five primary research tasks: (1) conducting a comprehensive literature 
review, (2) discovering what responsible, impacted, and interested stakeholders value in 
residential, commercial, and educational buildings in an urban context, (3) developing an axiology-
based, mathematical valuation model that valuates the value (worth) of a building (and its 
components) based on stakeholder values and the properties of the building (and its components), 
(4) developing a human-centered, building information modeling (BIM)-integrated value analysis 
system to facilitate automated valuation and value analysis, and (5) analyzing the impact of 
alternative design decisions on the value of residential, commercial, and educational buildings to 
their responsible, impacted, and interested stakeholders using a set of case studies. 
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CHAPTER 1 - INTRODUCTION 
1.1 Motivation and Overview 
A report published by the National Research Council of the National Academies (NRC) identified 
the research on understanding and quantifying the value of infrastructure systems to the 
stakeholders and how this value is impacted by the various planning, design, construction, 
operation, and investment decisions as a national imperative (NRC 2009). Similarly, the National 
Institute of Building Sciences (NIBS) (2014a) emphasized the need for better integrating 
stakeholder values into project decision making (NIBS 2014a). Repeatedly, the need for 
maximizing the lifecycle environmental, social, and economic value of the built environment to 
all stakeholders has also been reported by national research institutions (e.g., NRC 2009), industry 
organizations and institutes (e.g., SE 2012; NIBS 2014a), and individual researchers (e.g., Levitt 
2007; Stephan and Menassa 2015). Yet, the gap remains. “Potential projects for one type of 
infrastructure are not evaluated against other projects to determine how the greatest overall value 
might be achieved” (NRC 2009). The lack of such value valuation has led many stakeholders to 
debate the value of infrastructure projects, which has further reinforced the need of value-sensitive 
decision making (NRC 2009). In order to valuate the value of an infrastructure to its stakeholders, 
there is a need to understand what stakeholders value (e.g., safety, energy conservation, cost 
saving), and accordingly, quantify the value (worth) of the infrastructure based on these 
stakeholder values. Discovering stakeholder values and valuating infrastructure based on these 
values are, thus, key prerequisites for facilitating value-sensitive decision making towards 
maximizing the collective value (worth) of our built infrastructure.  
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Despite the evident need for infrastructure valuation and value-sensitive decision making, 
inadequate attention has been given to the theoretical and empirical study of value over the years 
(Barima 2009). Major gaps still exist in the area of infrastructure value analysis. First, existing 
value approaches such as value engineering are usually function-focused – defining value as a ratio 
of function to its cost (Kelly 2007) – without adequate consideration of the multidimensional 
nature of the concept of value based on stakeholder values and individual perspectives. Second, 
existing integrated approaches such as integrated project delivery promote collaboration with the 
aim to increase value (AIA 2007), but they lack a metric for measuring value. Third, more human-
centered thinking is needed in value-based decision-making practices (Mukherjee and Muga 
2009). These gaps are results of a set of challenges. First, value (worth) is a complex concept that 
carries rich and varied meanings depending on the personal values of the individual perceiving the 
value and the type of value being considered (Barima 2009). Second, stakeholders usually have 
varied – or even conflicting – definitions and prioritization of values (Yang and Shen 2014). Third, 
it is challenging to valuate a physical object – the built infrastructure – based on a mental construct 
– the values of human beings. These gaps highlight a major need: a need to better understand, 
conceptualize, and reason about infrastructure “value” and “valuation” in a complex and holistic 
sense and considering different stakeholder perspectives.  
To address this need and bridge these gaps, this thesis aims at developing an axiology-based 
valuation model. The thesis aims to formalize an axiology of building infrastructure and apply this 
axiology in valuating and analyzing the value (worth) of buildings to the stakeholders. Axiology 
is a theory of value (worth) that explores questions such as what are the things that we value and 
how to measure the value of these things (Smith and Thomas 1998). The proposed formal building 
infrastructure axiology (Build-Infra-Axio) is a theory-based model for valuating and analyzing the 
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value (worth) of buildings based on the environmental, social, and economic values of stakeholders 
(e.g., energy conservation, safety, economic growth). The Build-Infra-Axio aims at addressing 
questions such as: What are the values of stakeholders? What are the system components that may 
add value? What are the specific stakeholder values that a system component may fulfill? How to 
valuate these components based on stakeholder values? How does the value of the whole relate to 
the value of its parts? In addressing these questions, the Build-Infra-Axio builds on two key notions 
from Hartman’s formal axiology (Hartman 1967a; Hartman 1967b) that (1) object valuation 
depends on its properties, and (2) valuation has systemic, extrinsic, and intrinsic dimensions; and 
adapts these notions to the context of building valuation.  
The proposed axiology-based value analysis offers a new way for conceptualizing and reasoning 
about the value of buildings and for understanding the impact of design decisions on the value of 
buildings to their stakeholders. The thesis work involved five primary research tasks: (1) 
conducting a comprehensive literature review, (2) discovering what responsible, impacted, and 
interested stakeholders value in residential, commercial, and educational buildings in an urban 
context, (3) developing an axiology-based, mathematical valuation model that valuates the value 
(worth) of a building (and its components) based on stakeholder values and the properties of the 
building (and its components), (4) developing a human-centered, building information modeling 
(BIM)-integrated prototype system to facilitate automated value analysis, and (5) analyzing the 
impact of alternative design decisions on the value of residential, commercial, and educational 
buildings to their responsible, impacted, and interested stakeholders using a set of case studies.  
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1.2 State of the Art and Knowledge Gaps 
(1) There is a lack of theoretical and empirical understanding of what stakeholders value in 
building systems. Although human values and their links to building systems may appear well-
addressed in the literature, it is one of the least studied and understood areas. For example, several 
researchers (e.g., Widen et al. 2014; Yang and Shen 2014) have emphasized the importance of 
engaging multi-disciplinary stakeholders in project decision making early in the planning and 
design phase and a wide variety of research efforts (e.g., Widen et al. 2014; Bal et al. 2013; Yang 
and Shen 2014; Orndoff 2005) have focused on proposing approaches for better involving 
stakeholders in the different aspects of the project decision-making process. While the underlying 
goal of stakeholder engagement is to account for stakeholder values in project development, these 
efforts did not focus on the identification and understanding of what stakeholders value in a project. 
Other examples include research efforts that either only considered high-level abstract values or 
only considered a limited set of specific values. For example, Kelly (2007) considered nine high-
level values (capital expenditure, operational expenditure, time, exchange, environment, politics, 
flexibility, comfort, and esteem) as components in a client value system and Ormazabal et al. 
(2008) considered a limited set of specific values (e.g., construction cost, fire resistance, 
construction waste) in the value measurement of the Line 9 of the Barcelona Subway project.  
While, collectively, such research studies provide valuable insight on the range and types of 
stakeholder values, an investigation is still needed for a better identification and understanding of 
stakeholder values in the context of buildings. Poor understanding of stakeholder values is one of 
the primary causes of project failures (Dallas 2002), and one of the most important tasks and 
challenges of project management is “to capture, from a pluralistic, stakeholder perspective, core 
values that will drive planning, design and construction of projects” (Barton 2002).    
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In addition, although values can be conceptually studied and understood, an empirical 
understanding of how much things are actually valued by different stakeholders is required for the 
development of solutions (McManus 2002). Existing research has identified stakeholder values 
based on theoretical literature review with limited empirical data. For example, Bluyssen (2009) 
discovered what stakeholders value through a review of the state of the art literature; Dewan and 
Smith (2005) backed up their analysis on the valuation of a pavement network asset to agencies, 
users, and society through literature; and Ormazabal et al. (2008) selected the values for evaluating 
the Line 9 Barcelona Subway project without empirically supported analysis. These efforts provide 
important contributions to stakeholder value discovery, but lack empirical studies to support their 
theoretical analysis. Theoretical knowledge is informative and explanatory, but could also be 
partial and indirect, which lacks the grounding in the empirical reality (Forrester et al. 2008). 
Empirical studies are important to verify and/or enhance the theoretical understanding of values; 
the practical nature of the construction industry, especially, reinforces the importance of empirical 
studies (Barima 2009). Empirical studies could also provide more insight on how values may vary 
across different types of stakeholders or different types of projects. There is, thus, a need to engage 
different stakeholders in a value discovery effort to identify what they truly value (Orr 2010, 
Thomason et al. 2003) in the context of different building types. 
(2) There is a lack of theoretical understanding and formal modeling of what the value 
(worth) of a building is and how to valuate such value.   
In the construction and building systems domain, there is some connotation between “value” and 
both “function” and “cost”, a connotation that originates from value engineering approaches (e.g., 
SAVE International 2007) that use function analyses. However, value “is a complex construct, 
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with varied meaning” that goes much deeper beyond function and cost (Barima 2009). A survey 
of literature from a variety of domains [e.g., construction (e.g., Barima 2009; Levitt 2007; 
Ormazabal et al. 2008; VALiD 2015), philosophy (e.g., SEP 2008), psychology (e.g., Schwartz 
2006), axiology (e.g., Hartman 1967a; Hartman 1967b; Aebi 2013), and collaborative network and 
information systems (e.g., Macedo et al. 2006; Friedman et al. 2013)] on the meaning of value 
shows that the latent meaning of value could be defined in terms of a number of key concepts: 
human values (Macedo et al. 2006; Friedman et al. 2013; VALiD 2015), fulfillment of  human 
values (Macedo et al. 2006; Friedman et al. 2013; VALiD 2015), properties of valuational items 
(Hartman 1967a; Hartman 1967b), goodness and badness (Hartman 1967a; Hartman 1967b; Aebi 
2013; SEP 2008), and standards and yardsticks of valuation (Barima 2009). While such important 
literature has pointed to these latent meaning dimensions of value, there is still a lack of conceptual 
understanding of the complex construct of value and a lack of formal modeling that captures such 
complex meaning of building value in terms of these interrelated concepts. Similarly, although 
both individual researchers (e.g., Levitt 2007) and organizations (e.g., NRC 2009; SE 2012; and 
NIBS 2012) have been calling for maximizing the lifecycle environmental, social, and economic 
value of buildings, they have not offered a metric for quantifying such value or even a well-defined 
definition of such value. The result is that the definition of value has become cloudy and vague 
and that a formal model to conceptualize, represent, and reason about the value of a building and 
how to valuate such value has been missing.  
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(3) There is a lack of formalized quantification and aggregation models that can quantify 
and aggregate the different types of values (worths) of a building.  
A number of research questions in the area of value theory, and specifically value aggregation, 
remain unanswered (Gilb 2006; Blundell and Stoker 2005). For example, how should 
heterogeneous types of values be compared and related to each other? How to translate multiple 
types of values into a unidimensional value? How does the value of the whole relate to the value 
of its parts? How to determine the collective value (worth) to a group based on the values (worths) 
to the individuals of that group? The Moorean view shows that the value of the whole may not be 
simply equal to the sum of the values of its parts (Moore 1992; Poli 2006). The part-to-whole 
relations and the part-to-part relations within a whole may affect the value of the whole; and 
effective part-to-whole and part-to-part relations bring higher value (Venkataia, 1998; Zeigler 
2010). Similarly, the collective value (wroth) to a group may not simply equal to the sum of the 
values (worths) to the individuals of that group, and the relations between the heterogeneous types 
of values (worths) need to be clearly investigated and understood. Aggregation is not only difficult 
in the area of value and valuation. In many domains, the development of an aggregation method 
is not an easy task (Barreiro-Hurlé and Gómez-Limón 2008, Boulanger 2008). Some aggregation 
methods suffer from methodological difficulties or challenges that can mainly be linked to: lack 
of a theoretical foundation, lack of a comprehensive definition of the components of the aggregate, 
lack of an analytical framework (e.g., hierarchical or categorical framework) to avoid 
inconsistency, and/or lack of a common unit for aggregation (Blanc et al. 2008).  
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(4) There is a lack of stakeholder-conscious valuation methods that integrate stakeholder 
perspectives into decision making.  
Human values motivate and explain decision making (Cheng and Fleischmann 2010; Schwartz 
2006). Decision making should, thus, be aligned with the specific human values of the 
stakeholders. A particular value may be very important to one stakeholder, but totally unimportant 
to another (Schwartz 2006). For every individual human/stakeholder, values are ordered by 
importance, relative to another value, to form a system of human value priorities (Schwartz 2006). 
Human values and individual systems of value priorities are, thus, key predictive and explanatory 
factors in investigating decision making (Cheng and Fleischmann 2010; Schwartz 2006). The 
exploration of how building systems are planned and designed to fulfill stakeholder values and 
how a design is aligned with the systems of stakeholder value priorities is important to deliver a 
greater collective value (worth) to all stakeholders (VALiD 2016). Yet, although stakeholder 
values and their links to building decision making may appear well-addressed in the literature, it 
is one of the least studied and understood areas. For example, researchers (e.g., Widen et al. 2014; 
Yang and Shen 2014) have emphasized the importance of engaging multi-disciplinary stakeholders 
in project decision making and a wide variety of research efforts (e.g., Widen et al. 2014; Bal et 
al. 2013; Yang and Shen 2014; Orndoff 2005) have proposed approaches for better involving 
stakeholders in  different aspects of project decision making. But, while the underlying goal of 
stakeholder engagement is to account for stakeholder values in project development, these efforts 
have not explicitly captured the individual perspectives of different stakeholders in terms of 
importances of different values (i.e., their individual systems of value priorities) and have not 
considered how projects are planned and designed to align with these systems of value proprieties.  
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(5) There is a lack of system integration approaches that explicitly investigate and measure 
how the system components interact with each other as a united whole to add value. 
In the architecture, engineering, and construction (AEC) industry, many institutions (e.g., AIA 
2007; ASHRAE 2011) and researchers (e.g., Reed and Baggs 2015; Uihlein 2014) have been 
calling for integrated building design with the aim to deliver higher value to stakeholders. The 
need to explicitly and consciously account for the integration among the different system 
components has been emphasized (e.g., NIBS 2014b; Ray 2004). Without a clear understanding 
and assessment of how the various components interact as a unified system in fulfilling human 
values, projects cannot be designed in a way that delivers higher value. Although a wide variety 
of studies have been conducted on integrated design or system integration, none of these efforts 
proposed an approach or metric to explicitly measure or account for integration. For example, 
Mora and Croft (2013) proposed a methodology for building system integration based on building 
science principles, but without providing a metric to measure integration. Ali and Amstrong (2006) 
investigated the importance and benefits of integrated design of tall buildings, but without 
considering how the integration will add or diminish the benefits in a quantitative way. Bacall and 
Thomason (2006) explored the integration of building systems and their interactions in the design 
phase with particular focus on mechanical systems, but without focusing on measuring such 
integration. Despite the importance of these research efforts in providing valuable insights and 
knowledge on building integrated design and integration among building components, there is still 
a lack of approaches or metrics that measure building system integration and/or account for such 
integration in the valuation of a building.   
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(6) There is a lack of research efforts on extending the existing IFC schema to support 
automated value analysis. 
The IFC schema is constantly evolving; a new version of the IFC schema is released every couple 
of years, and more than ten versions of the IFC schema have been released since the year 1997. 
The IFC coverage is extended with every release and addresses limitations based on user and 
developer needs (Eastman et al. 2011). However, “several omissions can be identified” from the 
IFC schema (Eastman et al. 2011). For example, there are limited properties for specialized space 
functions (e.g., functional zoning in a theater) (Eastman et al. 2011), acoustical performance (e.g., 
noise reduction coefficient, impact insulation class), moister and thermal performance (e.g., 
condensation resistance), and lighting performance (e.g., lighting power density). Thus, for a 
variety of research purposes, a number of research efforts have been undertaken towards extending 
the existing IFC schema. For example, Cemesova (2013) extended the IFC 2x3 TC1 to cover 
additional concepts to support energy analysis in buildings. Zhiliang et al. (2011) proposed to 
extend the IFC schema in the form of proxy elements and property sets to express information 
about construction cost estimating for tendering in China. Lee and Kim (2011) proposed to extend 
the IFC schema to cover the domain of road structures, which include roads, bridges, and tunnels. 
Serror et al. (2008) developed a Shared Computer-Aided Structural Design (sCAsD) model by 
extending the structural domain/view of the IFC schema. Weise et al. (2000) proposed to extend 
the structural domain of the IFC schema by an extension of new IFC entities and property sets. 
These research efforts have provided valuable contributions and knowledge on the development 
and extension of the IFC schema. However, none of these research efforts have focused on 
extending the IFC schema to support a multidimensional value analysis of buildings.  
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 (7) There is a lack of research efforts on extracting value-specific design information from 
a building information model. 
Some commercial or open-source BIM information extraction libraries or tools, such as Autodesk 
Revit (Autodesk 2016), IfcOpenShell (IfcOpenShell 2016), BimQL (BimQL 2016), and IFC File 
Analyzer (NIST 2016), are effective in supporting the extraction and organization of complete 
information from a BIM model. For example, IFC File Analyzer (NIST 2016) is able to extract the 
complete information from an IFC-based BIM model and summarize this information in an excel 
table, which enhances the clarity and readability of the information stored in the BIM model. 
However, these tools provide the full set of information, which  is unnecessarily too large for 
conducting a specific task or process (Won et al. 2013) such as value analysis, and requires further 
manual filtering or analysis of the information to find and select the specific information that is 
needed to conduct the task at hand (Nepal et al. 2013). Such manual filtration and analysis is time-
consuming and error-prone (Nepal et al. 2013).  
To address such limitations, a number of research efforts focused on extracting specific or partial 
information from a BIM model. Two types of partial information (or partial model) can be 
extracted from a complete BIM model. The first type involves the extraction of a subset of all the 
entities in the original model (Zhang and Issa 2013), which results in a “partial complete model” 
that includes partial building objects with all of its relevant information (e.g., all information 
related to the exterior walls of a building). For example, Borrmann et al. (2009) proposed a spatial 
query language for extracting partial models that fulfill certain spatial constraints. Zhang and Issa 
(2013) proposed to use ontology in extracting a partial building information model from the 
original complete model. Won et al. (2013) proposed an algorithm for extracting a partial model 
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from an IFC instance model without an IFC schema. However, this type of information extraction 
approach is not suitable for extracting value-specific design information, because it focuses on 
extracting partial building objects with all the associated information instead of extracting all the 
building objects with only the needed subset of information.    
The second type involves the extraction of building information on a specific aspect out of the 
complete model, which results in a “thinner” model that consists all the building objects with only 
relevant information (e.g., the geometry information of all the building objects) (Zhang and Issa 
2013). For example, Kim et al. (2013) established a framework for extracting relevant information 
(e.g., spatial, geometric, quantity) stored in a building information model to automatically generate 
a construction schedule. Nepal et al. (2013) extracted construction-specific information from a 
building information model for supporting BIM usage in construction and other downstream 
processes. Sinha et al. (2013) proposed a framework for extracting the parametric data in a building 
information model for automatically checking against energy-code criteria. This second type of 
information extraction has the potential to support value-specific information extraction. However, 
none of these existing research efforts have focused on extracting value-specific design 
information for supporting value analysis. Thus, there is a need for a method to extract all the 
building objects (e.g., roofs, walls, windows) and their relevant value-related properties (e.g., fire 
ratings of all roofs, acoustic ratings of all walls, or thermal transmittance of all windows) to support 
automated value analysis using BIM data. 
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1.3 Problem Statement  
There has been an increasing demand to maximize the lifecycle environmental, social, and 
economic value of buildings to the stakeholders. However, there is a lack of models that can 
valuate buildings based on the values of their stakeholders. In this regard the following knowledge 
gaps are identified: (1) there is a lack of theoretical and empirical understanding of what 
stakeholders value in building systems; (2) there is a lack of theoretical understanding and formal 
modeling of what the value (worth) of a building is and how to valuate such value; (3) there is a 
lack of formalized quantification and aggregation models that can quantify and aggregate the 
different types of values (worths) of a building; (4) there is a lack of stakeholder-conscious 
valuation methods that integrate stakeholder perspectives into decision making; (5) there is a lack 
of system integration approaches that explicitly investigate and measure how the system 
components interact with each other as a united whole to add value, (6) there is a lack of research 
efforts on extending the existing IFC schema to support automated value analysis, and (7) there is 
a lack of research efforts on extracting value-specific design information from a building 
information model. 
1.4 Research Objectives and Questions 
The overall research objective of this thesis is to develop an axiology-based valuation model that 
formalizes an axiology of buildings and applies this axiology in valuating and analyzing the value 
(worth) of buildings to the stakeholders. Accordingly, four specific objectives and outcomes are 
defined:  
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(1) Objective #1: Discover what responsible, impacted, and interested stakeholders value in 
residential, commercial, and educational buildings in an urban context (with a focus on 
stakeholders in the state of Illinois). 
Research Questions: What do stakeholders value in residential, commercial, and educational 
buildings (i.e., what are the values)?  What are the different types of values (e.g., environmental 
vs. economic vs. social values)? How to classify and relate the different types of values? What 
are the most important values that need to be considered during building design? 
Outcome: (a) Identifying and classifying (in the form of a value hierarchy) what responsible, 
impacted, and interested stakeholders value in residential, commercial, and educational 
buildings in an urban context; (b) discovering the importance levels of these values to them; 
(c) identifying the differences in the importance levels of values to stakeholders across 
residential, commercial, and educational buildings; and (d) identifying the differences in the 
importance levels of values across impacted, interested, and responsible stakeholders in the 
context of residential, commercial, and educational buildings.  
(2) Objective #2: Develop an axiology-based mathematical valuation model that valuates the 
value (worth) of a building (and its components) at the detailed design phase based on 
stakeholder values and the properties of the building (and its components), including (a) a 
quantification submodel (set of functions) that quantifies the value (worth) of a single building 
component based on its properties and a single stakeholder value, and (b) an aggregation 
submodel (set of functions) that aggregates different types of values (worths) (i.e., subvalue 
aggregation along the value hierarchy and object value aggregation along the object hierarchy).  
Research Questions: How to quantify the value (worth) of a building component based on its 
properties and stakeholder values? How should heterogeneous types (e.g., social, 
 15 
 
 
environmental, economic) of values (worths) be related to each other? How does the value 
(worth) of the whole relate to the values (worths) of its parts?  
Outcome: An axiology-based, mathematical model for valuating (i.e., quantifying and 
aggregating the value of) buildings based on stakeholder values.  
(3) Objective #3: Extend the existing Industry Foundation Class (IFC) schema (IFC4-Addendum 
1) with additional entities and property sets that are needed to represent the necessary 
information for conducting value analysis, extract value-specific design information from an 
existing IFC-based BIM model, and develop a prototype system to support automated value 
analysis of buildings.  
Research Questions: What entities and property sets need to be added to the existing IFC 
schema? What value-specific design information need to be extracted from an existing IFC-
based BIM model? How to support automated value analysis?  
Outcome: A human-centered, BIM integrated automated value analysis prototype system.  
(4) Objective #4: Analyze the impact of alternative design decisions on the value (worth) of 
residential, commercial, and educational buildings to the responsible, impacted, and interested 
stakeholders in an urban context using a set of case studies. 
Research Question: What are the impacts of alternative design decisions on the degrees that a 
building fulfills different stakeholder values? What are the impacts of the stakeholders’ 
systems of value priorities on the values (worths) of different design alternatives? What are the 
competing stakeholder values in the context of different buildings?  What are the tradeoffs that 
are involved in the design decisions? 
Outcome: A better understanding of how the value (worth) of buildings are 
increased/diminished by particular design decisions and/or stakeholder values. 
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1.5 Research Tasks and Methodology  
The research methodology included five primary research tasks, as summarized in Figure 1.1. A 
more detailed explanation of the methodology of each task is presented in the following 
subsections.  
 
Figure 1.1. Summary of Research Tasks  
 
1.5.1 Research Task #1 – Literature Review  
A comprehensive literature review was conducted in eight primary domains: stakeholder values; 
value engineering; axiology; valuation, quantification, and aggregation approaches and methods; 
integration theory; ontology and semantic modeling; IFC schema extension; and BIM information 
extraction. Relevant concepts, methodology, approaches, and tools/systems in these domains were 
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reviewed in an analytical way. The following points provide a summary of the literature review in 
each of these domains:  
 Stakeholder values: the literature review focused on existing literature on defining the concepts 
of “human values” and “stakeholder values”, as well as existing research on discovering 
stakeholder values in the construction domain.  
 Value engineering: the literature review focused on existing research on value engineering 
methods and processes and their applications in the construction domain.  
 Axiology: the literature review focused on existing research on axiology and formal axiology, 
with especial focus on Hartman’s formal axiology (Hartman 1967a; Hartman 1967b).  
 Valuation, quantification, and aggregation approaches and methods: the literature review 
focused on relevant approaches and methods for valuation, quantification, and aggregation, 
such as relevant existing research in the area of multiple criteria decision making (including 
methods of normalization, weighting, and aggregation) and the areas of social welfare theory 
and welfare economics (including collective aggregation across the individuals of a group). 
 Integration theory: the literature review focused on Rush and Stubbs’ building system 
integration theory (Rush and Stubbs 1986).  
 Ontology and semantic modeling: the literature review focused on methods of ontology 
development, existing semantic modeling efforts in the construction domain, and application 
of ontology and semantic modeling in solving domain-specific problems.  
 IFC schema extension: the literature review focused on existing research efforts on the 
extension of IFC schema for different research purposes.  
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 BIM information extraction: the literature review focused on existing approaches and methods 
for extracting information from a building information model.  
1.5.2 Research Task #2 – Stakeholder Value Discovery 
This research task aimed at discovering what responsible, impacted, and interested stakeholders 
value in residential, commercial, and educational buildings in an urban context (with a focus on 
stakeholders in the state of Illinois). Benchmarking the work by El-Gohary et al. (2006), a 
responsible stakeholder is an organization or individual who has some degree of responsibility or 
liability with respect to the development of the project, such as owners, contractors, designers, etc. 
An impacted stakeholder refers to an organization or individual who is directly or indirectly 
affected by the development of the project, such as building users, local communities, etc. An 
interested stakeholder is an organization or individual who is not directly impacted by the project, 
but is interested in learning, participating, or providing opinion about the project development 
process, such as environmentalists. In order to discover stakeholder values, a technique for value 
discovery termed, here, as “reflecting on the sources of values” (Flanagan et al. 2008) was utilized. 
The technique was developed and successfully implemented in the context of embodying human 
values in the design of videogames (Flanagan et al. 2008). The technique aims at discovering the 
values that are relevant to, inspire, or inform a project or system from a set of value sources 
(Flanagan et al. 2008). This research benchmarked this technique and adapted it to the context of 
buildings. In this regard, stakeholder values were discovered from two main types of sources: (1) 
theoretical sources (project documents, guidance documents, value literature, etc.), and (2) 
empirical sources (stakeholder survey). Accordingly, two research approaches were used to 
discover values from these sources: (1) theoretical investigations: reviewing relevant documents 
 19 
 
 
and literature, and (2) empirical investigations: soliciting stakeholder opinion using a questionnaire 
survey. This research task was composed of the following five subtasks.  
1.5.2.1 Subtask #2.1 – Stakeholder Value Identification and Classification  
This subtask focused on identifying and classifying potential stakeholder values. Potential 
stakeholder values were identified through a comprehensive review of the following theoretical 
value sources: (1) project and guidance documents, such as project planning and design 
documents, guidelines by the U.S. Environmental Protection Agency (U.S.EPA) and National 
Institute of Building Sciences (NIBS), etc., (2) value literature in the construction domain , and (3) 
value and axiology literature in other domains, such as value studies in information engineering, 
philosophy, techno-science, etc.  
1.5.2.2 Subtask #2.2 – Survey Design 
This subtask focused on designing a questionnaire survey to solicit the opinion of stakeholders on 
the importance of the potential values. A separate questionnaire was designed for each of the three 
types of buildings: residential, commercial, and educational building. The three questionnaires 
were similar in terms of content and structure. The questionnaire survey included sections to gather 
respondent background information and their opinion on the importance of values. Established 
guidelines and “best practices” for survey design were followed, including guidelines on question 
wording, response options and survey scale, instructions to respondents, visual appearance, etc. 
(USCB 2008). 
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1.5.2.3 Subtask #2.3 – Questionnaire Validation 
This subtask included value concepts validation and questionnaire validation. In order to validate 
the potential value concepts, face-to-face expert surveys were conducted to solicit expert opinion 
on the classification, clarity, representative, conciseness, and completeness of the value concepts. 
In order to validate the survey, pilot studies were conducted with a small group of survey 
participants. The final questionnaire incorporated feedback from these participants (e.g., 
modifying questionnaire questions to improve clarity).  
1.5.2.4 Subtask #2.4 – Survey Implementation and Post Survey Interviews 
This subtask focused on implementing the survey and conducting post survey interviews. The 
survey was implemented online using Google Documents, and a survey invitation – with a link to 
the questionnaire – was sent out through email. The survey targeted responsible, impacted, and 
interested stakeholders of residential, commercial, and educational buildings in the state of Illinois.  
Potential respondents were sampled from different online sources, including websites, online 
address books, school address books, newspapers, etc. Post survey interviews were conducted to 
solicit further feedback, explanation, elaboration, and/or comments from a subset of the survey 
participants, not only on the participants’ own responses in the questionnaire but also on the overall 
survey results and interim research findings. 
1.5.2.5 Subtask #2.5 – Survey Results and Analysis 
This subtask aimed at addressing the following research questions: What are the rankings of the 
values (1) overall, for all stakeholder groups, in the context of each building type, and (2) for each 
stakeholder group in the context of each building type? What are the correlations in the rankings 
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of the values (1) across different building types, and (2) across different stakeholder groups in the 
context of each building type? What are the differences in the rankings of the values (1) across 
different building types, and (2) across different stakeholder groups in the context of each building 
type? In order to address the above questions, three statistical analysis methods were used: (1) 
mean indexing, (2) Kendall’s coefficient of concordance, and (3) Kruskal-Wallis H test. Mean 
indexing is widely used in exploratory and descriptive data analysis (Goh and Yang 2013). 
Kendall’s coefficient of concordance is a non-parametric test used for assessing correlations 
between three or more independent samples. Kruskal-Wallis H test is a non-parametric test used 
for comparing the differences between three or more independent samples (Laerd Statistics 2013). 
The Statistical Package for Social Sciences (SPSS) was used to conduct these statistical analyses. 
In addition, three content analysis methods were used: (1) frequent debriefing sessions, (2) 
“reflective commentary”, and (3) examination of previous research. Frequent debriefing sessions 
are discussions that are held between the researcher and his/her supervisor (here the author and her 
thesis advisor, respectively) to widen the vision of the researcher and bring different experiences 
and perceptions. The discussions also provide a sounding board for the researcher to test his/her 
developing ideas and interpretations, and probing from others may help the researcher to recognize 
his/her own biases and preferences (Shenton 2004). “Reflective commentary” by the researcher 
(here the author) aims at continuously evaluating the data/content analysis as it proceeds. It is used 
to record the researcher’s initial impressions on each collected data, interim finding, and inference. 
Reflective commentary plays a key role in monitoring the researcher’s own developing 
constructions/interpretations, which is critical in establishing credibility (Guba and Lincoln 1989). 
Examination of previous research findings aims at assessing the degree to which the survey results 
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are congruent with the existing body of knowledge, which is considered as a key criterion for 
evaluating survey results and analyses (Silverman 2000).   
1.5.3 Research Task #3 – Valuation: Value Quantification and Value Aggregation  
This task aimed at constructing an axiology-based mathematical valuation model that valuates the 
value (worth) of a building (and its components) at the detailed design phase based on stakeholder 
values and the properties of the building (and its components). The model builds on two key 
notions in Hartman’s formal axiology that (1) object valuation depends on its properties, and (2) 
valuation has systemic, extrinsic, and intrinsic dimensions. Hartman’s three types of valuation (i.e., 
systemic, extrinsic, and intrinsic valuation) were adapted to the context of building valuation. In 
the context of building valuation, both extrinsic and systemic valuation valuate a building (or 
building component) based on how good its properties are in fulfilling each of the stakeholder 
values. Systemic valuation is a rigid valuation that views property goodness as either “black or 
white” (i.e., a property is either good or bad), while extrinsic valuation is a flexible valuation that 
views property goodness as a spectrum (i.e., a property is good, fair, bad, etc.). Intrinsic valuation, 
on the other hand, valuates a building (or its components) based on personal stakeholder judgment 
in terms of aesthetical, emotional, or spiritual aspects. In developing the mathematical 
quantification and aggregation submodels (set of functions) of the proposed model, some 
techniques (e.g., simple additive weighting) of multiple attribute decision making (MADM) 
approaches were benchmarked and concepts from social welfare theory and building system 
integration theory were adapted. This research task included the following four subtasks.   
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1.5.3.1 Subtask #3.1 – Main Valuation Model Development  
This subtask focused on developing a high-level valuation model (i.e., a model that captures the 
most abstract concepts of valuation without detailed subconcepts) based on the conceptual work 
conducted in the area of axiology (e.g., Allen and Varga 2006; Hartman 1977a; Hartman 1967b). 
The valuation model was established based on the key notions from Hartman’s formal axiology 
that (1) object valuation depends on its properties, and (2) valuation has extrinsic, systemic, and 
intrinsic dimensions. Key concepts about valuation (e.g., value bearer, value bearing property) 
were identified, and their inter-relations (e.g., a value bearer has a value bearing property) were 
defined.  
1.5.3.2 Subtask #3.2 – Value Quantification Submodel (Functions) Development  
This subtask focused on quantifying the degree that a single building object fulfills a single 
stakeholder value based on the properties of the object. In developing the mathematical 
quantification functions, some techniques (e.g., simple additive weighting) of multiple attribute 
decision making (MADM) approaches were benchmarked and concepts from social welfare theory 
were adapted. It involved the following steps: 
 Identifying and selecting the property indicators that are used in assessing the goodness of 
properties. For example, in order to valuate a wall based on “acoustic comfort” (stakeholder 
value), “sound transmission class (STC)” was identified as a property indicator to assess 
“sound resistance” (property).   
 Developing the value quantification functions/methods: These function/methods include: (1) 
the function for assessing the goodness of properties, (2) the methods for determining how 
significant each property is in fulfilling a specific stakeholder value, and (3) the function for 
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defining how one stakeholder value is fulfilled. Deterministic modeling was used. Probabilistic 
analyses is outside the scope of this research, but may be addressed as part of future work.  
1.5.3.3 Subtask #3.3 – Value Aggregation Submodel (Functions) Development  
This subtask focused on aggregating the degrees that each of the building objects fulfills each of 
the stakeholder values to define the worth of the whole building system based on multiple 
stakeholder values; it is a multidimensional aggregation that includes object value aggregation and 
subvalue aggregation:  
 Object value aggregation (along the object hierarchy): Mathematically aggregating the degrees 
that individual building objects (e.g., wall, door) fulfill a stakeholder value to define the degree 
that the whole building fulfills that stakeholder value.  
 Subvalue aggregation (along the stakeholder value hierarchy): Mathematically aggregating the 
degrees that a building fulfills each of the individual stakeholder values (e.g., energy 
conservation, fire safety, acoustic comfort) to define the value (worth) of that building based 
on these stakeholder values. 
In developing the mathematical aggregation functions, some techniques (e.g., simple additive 
weighting) of multiple attribute decision making (MADM) approaches were benchmarked and 
concepts from the building system integration theory (Rush and Stubbs 1986) were adapted.   
1.5.3.4 Subtask #3.4 – Valuation Model Validation 
This subtask focused on validating the valuation model using predictive validation (i.e., predictive 
criterion validation). Predictive validation aims to assess the validity of a model based on its 
predictions; it demonstrates the validity of a model if the relationships between the actual 
 25 
 
 
behaviors and the model’s predictions are strong and significant (Laerd Dissertation 2014, 
Weathington and Roberts 2005). In the context of formal-axiology-based valuation, predictive 
validation aimed to answer the following key question: do a sample of humans (stakeholders) order 
a set of objects (building design alternatives) in the same or similar way predicted by the 
mathematical valuation model? Answering this question involves a three-part experiment: (1) 
capturing the respondents’ (stakeholders’) systems of value priorities (the importance ratings of 
the stakeholder values) and asking respondents (stakeholders) to rank a set of objects (design 
alternatives) based on their own stakeholder values, (2) predicting the rankings of the same set of 
objects (design alternatives) for the same set of stakeholders using the valuation model, based on 
the captured systems of value priorities but independent of the stakeholder rankings, and (3) 
measuring the correlation between the stakeholder rankings and the model predictions. If there is 
a very strong and significant positive correlation [>0.75 (UGronigen 2014)] between the 
stakeholder ranking and the model-based ranking, then the proposed model is valid. The proposed 
validation method is founded on the following main premise that has been established in 
Hartman’s axiology (and other recent work that proved the validity of the theory in this regard, 
such as AI 2002, Smith 2006, and Weathington and Roberts 2005): If one were to solicit the value 
rankings of a sample of “well-informed” and “qualified” humans for a set of valuational items (i.e., 
objects subject to valuation), the obtained ranks of all items would match/correlate with the 
theoretical orders predicted by a “good” valuation model (Hartman 1967b; AI 2002; Smith 2006; 
and Weathington and Roberts 2005).  
For initial validation, to conduct the above experiment, a set of stakeholders were invited to 
participate in one-to-one interviews to rank a set of apartment building exterior wall system 
alternatives. A duplex apartment building model was used for the experiment. Four additional 
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alternatives of the exterior wall system (with different elements and properties) were developed. 
The correlation between the stakeholder rankings and the model predictions was measured using 
Spearman’s Rank-Order Correlation. The results of the test were interpreted based on Spearman’s 
correlation coefficient (Spearman’s ρ) and the probability value (p-value). If Spearman’s ρ is 
positive, there is a positive correlation between the two sets of data. If the p-value is less than 0.05, 
this positive correlation is significant. For final validation, more case studies (including more 
building components and more types of buildings) were used, as part of Task#5.  
1.5.4 Research Task #4 – IFC Schema Extension, BIM Information Extraction, and 
Automated Value Analysis Prototype System Development 
This task aimed at (1) extending the IFC schema to include the additional entities and property sets 
that are needed to represent the necessary information for conducting value analysis; (2) extracting 
the target information from an IFC-based BIM instance model using an information extraction 
algorithm, and (3) developing a human-centered and BIM integrated prototype system to facilitate 
automated value analysis. A level of Development (LOD) 300 of BIM models was assumed. To 
limit the scope of this thesis, only a partial set of the stakeholder values (from the stakeholder value 
hierarchy developed in Research Task #2) and a partial set of the building objects (from object 
hierarchy developed in Research Task #3) were included in this task. 
1.5.4.1 Subtask #4.1 – IFC Schema Extension 
The value (worth) of a building (or a building object) is quantified and analyzed based on its 
properties (e.g., sound resistance, recycled material, fire resistance). However, the existing IFC 
schema does not cover sufficient information on building objects and their properties to fully 
support a multidimensional value analysis. For example, to analyze the degree that a wall fulfills 
 27 
 
 
indoor air quality improvement (stakeholder value), there is a need to understand how good the 
low-emitting material (property) of the wall is. Such information is missing from the IFC schema. 
Therefore, this subtask aimed to extend the existing IFC schema (IFC4-Addendum 1) to cover 
entities and property sets that support a comprehensive building value analysis. This subtask 
included two main steps: (1) identifying and analyzing the entities and property sets that support 
value analysis in the existing IFC schema (IFC4-Addendum 1), and (2) identifying and adding the 
missing, but needed, value-specific entities and property sets to the IFC schema.  
The Level of Development (LOD) of BIM models used in this subtask is LOD 300 in the 
architecture discipline, which includes information about object or assembly in terms of quantity, 
size, shape, location, and orientation (BIMForum 2013). This LOD is expected to provide 
sufficient detail of information for value analysis purposes during the design phase.  
1.5.4.2 Subtask #4.2 – BIM Information Extraction 
This subtask focused on extracting value-specific design information from an IFC-based BIM 
model. To analyze the value of a building, there is a need to extract information on the building 
objects that compose this building and the value-specific properties of these building objects. This 
subtask included the following main steps: (1) identifying the target design information and 
defining their representation data structure; (2) manually analyzing the design information in an 
IFC-based BIM instance model based on the IFC schema; (3) developing an algorithm to extract 
the target IFC data instances from the IFC-based BIM instance model; (4) implementing the 
algorithm in extracting the target IFC data instances from an IFC instance model, and (5) verifying 
that the extracted information does not miss any value-specific information.  
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1.5.4.3 Subtask #4.3 – Automated Value Analysis Prototype System Development 
This subtasks focused on developing a human-centered, BIM integrated automated value analysis 
prototype system for analyzing the value of a building based on its properties and multidimensional 
stakeholder values. The development of the automated value analysis system is especially 
important form a practical perspective. In practice, a small design change in one building object 
would affect the value of other building objects as well as the value of the whole building. Thus, 
repeated value analyses based on new design information need to be conducted. In such situations, 
an automated value analysis system becomes efficient in reducing or eliminating manual efforts.  
The proposed system is composed of three modules: (1) a stakeholder input capturing module that 
captures the stakeholders’ systems of value priorities, (2) a building information extraction module 
that allows for the extraction of value-specific design information from a BIM model, and (3) a 
value analysis module that quantifies and analyzes the value (worth) of a building based on Build-
Infra-Axio (developed in Task #3) (Figure 1.2).  The inputs to the proposed system are: (1) an IFC-
based BIM model (i.e., .ifc file, assuming LOD 300 in the architecture discipline) for a residential, 
commercial, or educational building, and (2) stakeholders’ systems of value priorities (the 
importance ratings of the stakeholder values) provided by responsible, impacted, and interested 
stakeholders. The outputs from the platform are value analysis results of the buildings. JAVA 
programming language was used to develop the prototype system. The proposed system was 
evaluated using a set of case studies as further discussed in Task #5.  
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Figure 1.2. Main Modules of the Proposed Automated Value Analysis System 
 
1.5.5 Research Task #5 – Case Studies on Value Analysis  
This task aimed at analyzing the impact of alternative design decisions on the value (worth) of 
residential, commercial, and educational buildings to their responsible, impacted, and interested 
stakeholders in an urban context using a set of case studies. The case studies aimed to answer the 
following key questions: Is the proposed system able to predict the stakeholder rankings of the 
design alternatives of residential, commercial, and educational buildings? How are the value 
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fulfillment degrees of different stakeholder values increased or diminished by particular design 
decisions (e.g., particular selection of materials)? How are the worths of different design 
alternatives increased or diminished by different stakeholders’ systems of value priorities (the 
importance rating of each of the stakeholder values)? What are the competing stakeholder values 
in the context of each type of buildings? What are the tradeoffs to achieve a result that maximizes 
the overall preference/selection of a design alternative?  
1.5.5.1 Subtask #5.1 – Case Study Design  
Three case studies were conducted in the context of residential, commercial, and educational 
buildings. The three case studies were designed in a similar manner in terms of structure and 
content. For each case study, one-to-one stakeholder interviews were conducted to have the 
stakeholders use the prototype system to analyze the value of a building based on their own systems 
of value priorities. Each case study was composed of three parts: (1) capturing the stakeholders’ 
systems of value priorities (i.e., the importance ratings of the stakeholder values) through the 
prototype system and asking the stakeholders to rank a set of design alternatives based on their 
own value systems, (2) analyzing the value of the same set of design alternatives for the same set 
of stakeholders using the prototype system, based on the captured systems of value priorities, and 
(3) analyzing the results of the stakeholders’ rankings and the value analysis results generated by 
the  prototype system.  
A building information model was used for each of the case studies. For the case study on 
residential buildings, a duplex apartment building model was used. It is one of the common 
building information models published by buildingSMART alliance (a council of the National 
Institute of Building Sciences) (East 2016) for evaluating the functionality and applicability of 
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models or software. For the case study on commercial buildings, a midsize office building model 
was used, which is also published by buildingSMART alliance. For the case study on educational 
buildings, the Electrical and Computer Engineering (ECE) building at the University of Illinois at 
Urbana-Champaign was used. The 230,000 square feet ECE building was designed by 
SmithGroup. The building provides 45 instructional and research labs, 48 private faculty offices, 
280 graduate student workstations, and a variety of areas for student study and collaboration. The 
building received a LEED Platinum certification (SmithGroupJJR 2016).  
For simplicity and efficiency of the experiments, six major systems (or components) of each 
building were identified and studied in the case studies: exterior wall system, roofing system, 
flooring system, windows, doors, and stairs (including railings). For each building, two additional 
design alternatives (with different elements and properties) – in addition to the original design – 
were developed in consultation with three architectural designers. Accordingly, seven relevant 
stakeholder values were considered in the case studies: energy conservation, material conservation, 
indoor air quality improvement, acoustic comfort, daylight and views improvement, fire safety, 
and cost saving. 
1.5.5.2 Subtask #5.2 – Case Study Implementation  
The target participants for the case studies on residential and commercial buildings were 
responsible, impacted, and interested stakeholders of apartment or office buildings in the state of 
Illinois because these two case studies used two virtual building models. Potential participants 
were sampled from different online sources, including websites, online address books, school 
address books, mailing lists, etc. For the case study on educational buildings, the target participants 
were the real stakeholders of the ECE building because a real building model was used (i.e., ECE 
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building). For the three case studies, a total of 138 potential participants were identified and 
contacted via email.  In this study, a responsible stakeholder is an organization or individual who 
has some degree of responsibility or liability in developing or managing a building, such as an 
owner, a contractor, a designer, or a facility manager. An impacted stakeholder is an organization 
or individual who is directly or indirectly affected by the building, such as a building occupant or 
a local community. An interested stakeholder is an organization or individual who is interested in 
learning, participating, and/or providing opinions about the building, such as an environmentalist 
or a media representative (El-Gohary et al. 2006).  
Each stakeholder interview was conducted in four parts: (1) a short presentation by the interviewer 
(the author) to introduce the research purpose, (2) a short demo to explain the functions of the 
proposed system, (3) a walkthrough of the design details and the properties of the three design 
alternatives, and (4) an opportunity for the participants to use the prototype system to analyze the 
value (worth) of the three design alternatives based on their own value systems.  
1.5.5.3 Subtask #5.3 – Case Study Results Analysis  
In order to analyze the case study results, a statistical analysis method and three content analysis 
methods were used: (1) Spearman’s Rank-Order Correlation, (2) frequent debriefing sessions, (3) 
“reflective commentary”, and (4) examination of existing research. Spearman’s Rank-Order 
Correlation is a nonparametric measure of the strength of association between two ranked variables 
(Laerd Statistics 2016). Frequent debriefing sessions are discussions that are held between the 
researcher and his/her supervisor (here the author and her thesis advisor, respectively) to bring a 
broad vision and different experiences and perceptions to the researcher. The discussions also 
provide a sounding board for the researcher to test his/her developing ideas and interpretations. 
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Perceptions and ideas from others may help the researcher to recognize his/her own biases and 
preferences (Shenton 2004). “Reflective commentary” by the researcher (here the author) aims to 
continuously evaluate the data/content analysis as it proceeds. It is used to record the researcher’s 
initial impressions on the collected data, inference from the data, and interim findings. “Reflective 
commentary” plays a key role in monitoring the researcher’s own developing 
constructions/interpretations, which is critical in establishing credibility (Guba and Lincoln 1989). 
Examination of existing research (e.g., Smegal and Staube 2010, ORNL 2002) findings aims to 
assess the degree to which the experimental results are congruent with the existing body of 
knowledge, which is considered as a key criterion for evaluating experimental results and analyses 
(Silverman 2000).   
1.6 Contribution to the Body of Knowledge  
1.6.1 Intellectual Merit  
This research offers (1) an axiology-based model for conceptualizing and reasoning about the 
value (worth) and valuation of a building (and its components) based on stakeholder values and 
the properties of the building (and its components), and (2) an implementation of the model in a 
prototype system for human-centered, BIM-integrated automated value analysis. This research 
contributes to the body of knowledge in four primary ways. First, it advances the theoretical and 
empirical knowledge in the area of value discovery by investigating how important the different 
environmental, social, and economic values are to the responsible, impacted, and interested 
stakeholders in the context of residential, commercial and educational buildings, what the most 
important values that need to be considered during building design are, and how the importance 
levels vary across different types of stakeholders and across different types of buildings. Second, 
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it advances the science of value by proposing an axiology-based mathematical value quantification 
and aggregation model for valuating the value (worth) of a building to its stakeholders based on 
their own value systems. The proposed valuation model offers mathematical modeling and analysis 
of human factors by modeling the contribution of buildings to human value fulfillment and 
modeling the synergy between those fulfilled values and the stakeholders’ systems of value 
priorities. The model also offers mathematical modeling and analysis of the relationships between 
the value (worth) of the whole and the values (worths) of its parts. Third, it provides a human-
centered, BIM-integrated automated value analysis system to facilitate value analysis in a 
theoretically-grounded and efficient manner. Fourth, it provides a better understanding of the 
impact of alternative design decisions on the value (worth) of residential, commercial, and 
educational buildings to their responsible, impacted, and interested stakeholders. 
1.6.2 Broader Impact 
Applying the research results could have a broader impact on society, on four levels. First, this 
research could provide a foundation for a better understanding of how to plan and design buildings 
in a way that that is synergistic with human values. Design professionals could utilize the proposed 
valuation model to assess the value added or diminished by the different building objects to the 
different stakeholders. This could help identify design solutions that offer the highest collective 
value. Second, the proposed model could support more efficient human-centered decision making; 
all what needs to be known to predict value fulfillment and worths to stakeholders are the 
stakeholders’ personal value systems – what is important to them and how much. This could help 
identify likely satisfactory solutions with minimal stakeholder effort; this would not replace 
stakeholder involvement, but rather support it by helping stakeholders focus their efforts on those 
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solutions that are likely to be satisfactory and value-adding. Third, the results of applying the 
proposed model in various value-sensitive decision-making contexts across different projects and 
scenarios could shed practical insights on how the value of a building is increased or diminished 
by different design decisions, what values are usually competing, and what trade-offs are generally 
involved. Fourth, this research could promote transparency and consistency in building decision 
making; it could promote improved information for making decisions, and provide a better 
understanding about the links between building design decisions and the value (worth) that a 
building adds to the stakeholders. This could help better communicate what is at stake and the 
criteria involved when building decisions are being made.  
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CHAPTER 2 - LITERATURE REVIEW 
This chapter presents a summary of literature review that focuses on the following research 
domains: (1) stakeholder values, (2) value engineering, (3) axiology, (4) valuation, quantification, 
and aggregation approaches and methods, (5) integration theory, (6) ontology and semantic 
modeling, (7) IFC schema extension, and (8) information extraction from building information 
models.  
2.1 Stakeholder Values  
2.1.1 Values and the Importance of Value Discovery   
Values have been studied across varied disciplines, from psychology (e.g., Schwartz 2006) to 
information systems (e.g., Flanagan et al. 2008). Values are defined as the things that are important 
to human beings in their lives (Schwartz 2006). Each individual has numerous values with varying 
degrees of importance. The same value may be of different importance to different persons 
(Schwartz 2006). Thus, for every individual person, values are ordered by importance, relative to 
another value, to form a system of value priorities (Schwartz 2006).  
Values have been important factors for researchers exploring various social, psychological, and 
economic phenomena (Cheng and Fleischmann 2010). Values are motivational constructs; the 
view that human values motivate and explain decision making has been widely accepted (Cheng 
and Fleischmann 2010; Schwartz 2006; Jahani and El-Gohary 2012). Values and individual 
systems of value priorities have, thus, been acknowledged as key predictive and explanatory 
factors in investigating decision making (Cheng and Fleischmann 2010; Schwartz 2006). 
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Therefore, to facilitate decision making, it is crucial to discover and understand what different 
people value and what their systems of value priorities are (Cheng and Fleischmann 2010).  
2.1.2 Classification of Values  
Values can be classified based on different perspectives (Cheng and Fleischmann 2010). The 
investigation of different dimensions and classifications of values can facilitate a more holistic and 
deep understanding of the concepts of values (Rescher 1969). Many research efforts on values 
have been conducted to understand the structure and classification of values based on different 
perspectives. For example, Rokeach (1973) discovered 36 values that were organized into terminal 
and instrumental values. Schwartz (2006) identified 56 basic human values that were grouped into 
ten value categories. Other classifications of values include communal value vs. individual value 
(Macedo et al. 2006), bargaining value vs. persuasive value, and egocentric value vs. disinterested 
value (Cheng and Fleischmann 2010; Rescher 1969). 
Values can also be classified based on a sustainability perspective. Values and sustainability are 
two distinct concepts, but they are closely interrelated (Nováček 2013). On one hand, values are 
the most important factors in promoting sustainability (Nováček 2013); values motivate human 
actions towards achieving sustainability. On the other hand, sustainability contributes to the 
fulfillment of values such as health, safety, ethics, etc. (Hakim 2008). Sustainability, thus, requires 
approaches and processes that are driven by a set of human values (Twomey et al. 2010).  
Sustainability is commonly described using a “triple-bottom-line (TBL)” approach (Said and 
Berger 2014). TBL focuses on the three primary dimensions of sustainability: environmental 
protection, social equity, and economic growth (Parkin et al. 2003, Stenzel 2010). Many research 
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efforts (e.g., Tam and Zeng 2013, Ariaratnam et al. 2013, Shen et al. 2011) have utilized TBL as 
a foundation or framework to construct a systematic thinking of sustainability.   
2.2 Value Engineering 
Value engineering (VE) is a systematic and explicit set of disciplined procedures used by a 
multidisciplinary team to achieve value improvement through the analysis of functions (SAVE 
International 2007, NIBS 2010). The implementation of VE (i.e., a VE process) contains three 
sessions – preworkshop, workshop, and postworkshop (Mao et al. 2009) – with six primary phases 
(SAVE International 2007): (1) information phase: the team reviews and discusses the background 
and current conditions of the project and identifies the goals of the project; (2) function analysis 
phase: the team defines the key functions of the project, and reviews and analyzes these functions 
to determine which function(s) to improve, eliminate, or create to achieve the project’s goals; (3) 
speculation (creative) phase: the team employs creative thinking or techniques to identify different 
ideas to deliver the project’s functions; (4) evaluation phase: the team selects the idea(s) that 
has/have the greatest potential for improving the value while delivering the project’s function(s) 
and considering performance requirements and resource constraints by using a systematic 
evaluation process; (5) development phase: the team further develops the selected idea(s) into 
alternative(s) with sufficient documents to allow decision makers to determine if the alternative(s) 
will be implemented; and (6) presentation phase: the team leader develops a report and/or 
presentation that documents and conveys the adequacy of the alternative(s) together with the 
associated value improvement opportunity. 
VE has been widely applied in the construction industry for many years and has become an integral 
element in the development of many projects (NIBS 2010; Mao et al. 2009; Chen et al. 2010; 
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Zhang et al. 2009). In recent years, VE has been used in solving a variety of problems in the 
construction industry. For example, Gaughan et al. (2015) applied VE in optimizing design 
functionality against the “profit” component in a cross country water transmission line project.  
Moon et al. (2015) used VE in creating robust design alternatives for temporary construction. Tang 
and Bittner (2014) developed creative design solutions by applying VE in marine construction 
projects.  
VE can facilitate decision making in achieving the optimum value by meeting required function 
and quality with the minimum expenditure of owner funds (Tang and Bittner 2014). It could offer 
the following benefits: (1) providing high returns on investment, (2) reducing capital and lifecycle 
costs, (3) establishing and clarifying project goals and objectives, (4) encouraging innovation and 
exploration of different alternatives, and (5) effectively promoting and managing changes within 
a project (NIBS 2010; DBIA 2015; CSsI 2015).  
Despite the evident benefits offered by VE, a number of knowledge and practical gaps are 
identified. First, conventional VE approaches are usually function focused – defining value as a 
ratio of function to its cost (Kelly 2007; Chen et al. 2009) – without adequate consideration of the 
multidimensional nature of the concept of value based on stakeholder values and individual 
perspectives (Liu and Leung 2002). The need for considering or interpreting value from a broader 
perspective to support more effective VE has been emphasized (Cha and O’Connor 2006). 
Similarly, there is also a need for interpreting value based on the perspectives of the individuals 
who are engaged in the VE processes (Liu and Leung 2002). Value is a complex construct that 
carries rich and varied meanings depending on the type of value being considered and the 
individual perceiving the value (Barima 2009). Second, conventional VE is usually cost-oriented 
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– focusing on potential cost savings (ASTM 2014; Chen et al. 2009; Wao 2015) – without enough 
attention on improving quality and performance of the projects (Wao 2015; Liu and Leung 2002) 
or fulfilling stakeholder values. The VE team tends to focus on potential cost savings when 
explaining/selling VE to project owners (Chen et al. 2009); project owners are more inclined to 
reduce cost, and could over-emphasize cost to the extent of compromising other VE objectives 
such as improving quality and performance (Wao 2015) or fulfilling stakeholder values other than 
cost saving (e.g., energy conservation, acoustic comfort). Third, conventional VE evaluation solely 
relies on personal judgment by the team on the evaluation of alternatives (Chen et al. 2010). As a 
result, the success of VE has largely relied on the competency of the VE team (Shen and Liu 2003; 
Zhang et al. 2009). However, this has also resulted in inaccurate assessment due to the inevitable 
subjectivity involved in the evaluation process, such as “abstract allocation of weights to criteria” 
(Wao 2015). Fourth, a substantial amount of time and efforts are spent in the workshop session 
(i.e., information, function analysis, speculation, and evaluation phase) of the VE process, which 
results in inefficiency of the whole VE practice (Mao et al. 2009; Lim et al. 2015). During the VE 
process, the VE team is required to manage, analyze, and evaluate a large amount of data (Putra 
and Kit 2002). Thus, “there is a need to improve efficiency of the VE practice for better outcomes” 
(Zhang et al. 2009). As such, a system that can facilitate the efficiency and effectiveness of VE is 
needed (Lim et al. 2015).  
2.3 Axiology  
Axiology is a theory of value or worth. It is a study of value concepts, value types, 
interrelationships, and valuation methods (Allen and Varga 2006). The term “axiology” is derived 
from the Greek word “axios” meaning value or worth. Axiology aims at answering questions such 
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as how to define and measure the value (worth) of things (Smith and Thomas 1998). Formal 
axiology is a branch of axiology that was introduced by Robert Hartman. Hartman (1967a) 
proposed to mathematically define the value of “things” in an objective manner based on their 
properties. He proposed that the value of an object depends on the extent to which its properties 
correspond to the properties of its concept.  In other words, in order to determine the value of an 
object, there is a need to compare the properties actually possessed by the object to the properties 
that are used to characterize the object’s concept. For example, the proposition “this chair is good” 
means that this particular thing is called “chair” and it has all the properties (e.g., knee-high 
structure, seat, back) connected with the concept “chair”. According to Hartman, a “good” thing 
(1) has a concept name, (2) this concept is characterized/defined by a set of properties, and (3) this 
thing possesses all of the properties in this set (El-Gohary 2010).  
Hartman also introduced three basic dimensions (types) of valuation (El-Gohary 2010): (1) 
Systemic Valuation: valuates a “thing” based on a finite number of properties in terms of rigid 
conformance to a system or a formal construct (e.g., conformance to the definition of circle, or 
conformance to a regulatory system). Systemic valuation, thus, sees “things” either black or white 
(e.g., a thing is a circle or not a circle, a person is complying with the law or not); (2) Extrinsic 
Valuation: valuates a “thing” based on a finite number of properties, but in a flexible way in terms 
of goodness and badness degrees based on practical aspects, such as functionality, economics, etc. 
A “thing” has potentially an infinite number of properties, but in practice extrinsic valuation is 
based on only a few of these properties; and (3) Intrinsic Valuation: valuates a “thing” based on 
an infinite number of properties in terms of personal judgment based on aesthetical, emotional, or 
spiritual aspects, etc. A “thing” can be valuated systemically, extrinsically, and/or intrinsically (El-
Gohary 2010).  
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Hartman’s formal axiology is “an objective and a priori science” (Mueller 1969). It is considered 
a “revolutionary” science because it joins philosophical understanding of human values with 
mathematics to successfully define a value mathematics – mathematics that makes it possible to 
measure value in an objective manner (Insight Consulting 2015; Clear Direction 2001). Although 
Hartman died before he finished articulating his theoretical and mathematical work on formal 
axiology, his work laid the foundation for value science. Over a hundred studies have been 
conducted – on theoretical and practical levels – to further formalize, interpret, and apply 
Hartman’s formal axiology (Insight Consulting 2015). In recent years, Hartman’s formal axiology 
has been studied and applied in solving a variety of problems in different domains such as 
measuring business brand value (Barnes and Mattsson 2013), modeling value systems in 
collaborative networked organizations (e.g., Maceto et al. 2006), and analyzing stagnation in work 
and career (Water and Tjoa 2014). This research is the first to explore how to adapt, formalize, 
and apply Hartman’s formal axiology in the construction and building systems domain.  
2.4 Valuation, Quantification, and Aggregation Approaches and Methods  
2.4.1 Multiple Criteria Decision Making  
Decision making is the study of identifying and selecting alternatives to investigate the best 
solution based on different factors or criteria with consideration of decision makers’ opinions 
(Mateo 2012). Multiple criteria decision making (MCDM) is a well-known decision-making 
process that facilitates formalized decision making featuring conflicting objectives, various forms 
of data and information, and multiple interests and perspectives. It mainly includes five main 
stages: (1) defining the problem, generating alternatives, and establishing criteria, (2) criteria 
selection and weighting, (3) constructing evaluation matrix, (4) selecting the appropriate MCDM 
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method, and (5) ranking the alternatives (Mateo 2012). Multiple attribute decision making 
(MADM) is a branch of MCDM that addresses the evaluation, selection, or ranking of a finite set 
of discrete alternatives. MADM methods can be classified into two main categories: outranking-
based methods and aggregate function-based methods (Andresen 2000), which are summarized in 
Table 2.1. MADM methods can be also classified into compensatory and non-compensatory 
methods based on compensability among criteria (Vansnick 1990). Compensability refers to the 
existence of trade-offs, i.e., the possibility of offsetting a disadvantage on some criteria by a 
sufficiently large advantage on another criteria (OECD 2008).   
Table 2.1. Summary of MADM Approaches 
Category Key elements  Compensability Example Reference 
Aggregate 
function-
based method 
Overall performance of an alternative 
is expressed in a single, nonmonetary 
number that represents the utility of 
that alternative 
Compensatory Simple additive 
weighting 
(SAW), simple 
multi-attribute 
rating technique 
(SMART), 
generalized 
means 
(Figueira et al. 
2005) 
(Fülöp 2005) 
(Andersen 
2000) 
Outranking-
based method 
Outranking relations are built through 
a series of pairwise comparisons of the 
alternatives on each criterion. One 
alternative outperforms the other if “a 
majority of the attributes supports this 
assertion” and if “the opposition of the 
other attributes is not too strong”.  
Partially 
compensatory or 
non-
compensatory 
ELECTRE, 
PROMETHEE  
(Figueira et al. 
2005) 
(Fülöp 2005) 
(Bouyssou 
2014) 
(Andersen 
2000) 
 
Outranking-based methods use a series of pairwise comparisons of the alternatives on each 
criterion to identify/assert a preference for one alternative over the other. They, then, aggregate the 
preference information across all criteria and establish the favoring selection of one alternative 
over another, resulting in a ranking of the alternatives (Linkov and Steevens 2008). Outranking 
methods do not necessarily take into account the magnitude/degree of relative underperformance 
in a criterion versus the magnitude of overperformance in another criterion. Therefore, outranking 
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approaches are usually considered partially compensatory or non-compensatory (Linkov and 
Steevens 2008). On the other hand, aggregate function-based methods aggregate different criteria 
into an aggregated utility function, which allows complete compensation among criteria (Fülöp 
2005). Some researchers (e.g., Yoon and Hwang 1995) argue that compensatory strategies could 
lead to more optimal or at least more rational decision outcomes than those of non-compensatory 
strategies. In all cases, the selection of appropriate MCDM methods requires consideration of (1) 
the characteristics of alternatives (e.g., infinite vs. finite and continuous vs. discrete); (2) the need 
for considering the magnitude of outperformance of one alternative over another, (3) the 
theoretical and practical natures of compensability among criteria, and (4) the required output, if 
it is an aggregated numerical value or only a ranking of alternatives. 
MCDM methods are widely applied in a variety of domains, such as financial engineering (e.g., 
Wu et al. 2009), business (e.g., Dalalah et al. 2012), environment assessment (e.g., Esty et al. 
2005), energy planning (e.g., Afgan and Carvalho 2008), and construction planning (e.g., Akadiri 
2011), etc.  
2.4.2 Analytical Hierarchy Process (AHP)  
The Analytical Hierarchy Process (AHP) is a widely used technique for multiple criteria decision 
making (Saaty 1987; OECD 2008). The objective of AHP is to identify a preferred alternative or 
generate a ranking of alternatives by considering all the decision criteria simultaneously (Mateo 
2012). AHP decomposes a problem into a hierarchical structure and assures that both qualitative 
and quantitative criteria are included in the evaluation process. In this process, pairwise 
comparisons are used to systematically solicit opinions from decision makers (Figueria et al. 2005; 
OECD 2008; Mateo 2012).  
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In particular, AHP can be used to derive weightings of the criteria (OECD 2008). AHP as a 
weighting method enables decision makers to derive weights of criteria based on pairwise 
comparisons of the criteria as opposed to rating or assigning the weights for the criteria (OECD 
2008). Some researchers argue that it is easier and more accurate to solicit one’s opinion on only 
two criteria than simultaneously on all the criteria (Ishizaka and Labib 2009). The comparisons are 
made between pairs of individual criteria by soliciting decision makers’ opinions on which of the 
two (criteria) is more important, and how much. The preference is expressed on a scale of 1 to 9, 
with 1 indicating equality between two criteria and 9 indicating one criterion is 9 times more 
important than the other one (OECD 2008). The results of the pairwise comparisons are 
summarized in a matrix, and the resulting weights can be calculated using an eigenvector (OECD 
2008).    
AHP is an easily applicable and effective method when it is necessary to rely on human opinions 
or preferences in some intangible aspects (Mateo 2012). However, AHP has been frequently 
criticized for its inability to adequately generate accurate results associated with certain context 
(Mateo 2012). It is difficult to subjectively scale a quantitative number to express preferences in 
the pairwise comparison without losing some degree of accuracy (Mateo 2012). In particular, AHP 
is generally not used when there are more than nine criteria for pairwise comparisons, which would 
results in large amount of time and efforts, likely inconsistency of results, and very small 
differences in the final ratings (Opydo 2014). 
2.4.3 Social Welfare Theory and Welfare Economics  
Social welfare theory is the study that assesses the collective welfare of a society or a group by 
combining individual opinions, preferences, interests, or welfare (Feldman and Serrano 2006). 
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Welfare economics uses microeconomic and mathematical techniques to assess the social (group) 
welfare based on material requisites of well-being such as income (Contestabile 2009). A measure 
that is used in welfare economics to assess the social (group) welfare is called a social welfare 
function (SWF); it is a measure of the aggregated well-being (the good or satisfactory condition) 
of a group based on the allocation of requisites (such as income) among the individuals of that 
group. The allocation of requisites is commonly analyzed based on equality in distribution, as well 
as reduction/elimination of poverty resulting from this distribution. A SWF that considers 
reduction/elimination of poverty uses a poverty indicator to penalize states of distribution that 
result in poverty to individuals (Mostafa and El-Gohary 2014).  
SWF has been applied into different domains to solve a variety of problems, such as climate 
economy analysis (Fussel 2006), benefit analysis for transportation projects (Mostafa and El-
Goahry 2014), and electrical power universal service (Li et al. 2012).  
2.5 Integration Theory 
The integration theory was introduced by Rush and Stubbs (1986). It aims to formalize a 
rational/conscious process for building system integration and design. Two fundamental questions 
about building integration are: What systems are involved in the integration? What levels of 
integration exist between or among the systems? To answer these questions, the theory defines 
four systems in a building and proposes five levels of integration among these systems.  
In this theory, four main systems were defined: structural, envelope, mechanical, and interior 
systems. A structural system continually balances a range of forces to create an equilibrium 
situation, which supports the structural integrity of the building. It includes subsystems and/or 
components such as frames, trusses, beams, and columns. An envelope system protects the 
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building against the external environment and/or physical damage by natural forces and balances 
internal and external environmental forces. It includes subsystems and/or components such as 
siding and roofing. A mechanical system provides services (e.g., thermal, acoustical, lighting, 
security services) to the building and its occupants. It includes subsystems and/or components such 
as heating, ventilation and air conditioning (HVAC), electrical, plumbing, and fire safety 
subsystems. An interior system provides comfort and an indoor environment that supports 
occupant activities. It includes subsystems and/or components such as ceilings, finishes, furniture, 
equipment, etc. (Rush and Stubbs 1986).  
Five levels of system integration were proposed. Remote is the first level of integration. At this 
level, the systems are physically separate from each other; but they are still coordinated 
functionally. The next level is touching. At this level, one system rests on top of another and is 
held in place by gravity (without a permanent connection). Connected is the third level; it involves 
systems physically connected by clips, nails, bolts, hangers, or permanent adhesives. At the 
meshed level, systems interpenetrate with each other and/or occupy the same space. The final level 
of integration is unified; systems are integrated to the point that each shares the physical form of 
the other and is no longer distinct from it (Rush and Stubbs 1986).  
2.6 Ontology and Semantic Modeling  
Ontology is the philosophical study of being, becoming, existence, or reality, as well as the basic 
categories of being and their relations. The term “ontology” is derived from Greek word “onto” 
meaning “being” and “what is”, and “logos” meaning “study of”. It was introduced to the computer 
science and information science domains by Gruber (1995) to formally represent knowledge as a 
hierarchy of concepts within a domain. An ontology is a semantic model that is composed of 
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concepts, relations, and axioms (Noy and Hafner 1997; El-Gohary and El-Diraby 2010).  Concepts 
represent the “things” in the domain of interest; relations define how different concepts are 
interrelated with each other; and axioms specify the definitions of concepts and relations and 
constraints on their behavior and interpretation (El-Gohary and El-Diraby 2010). An ontology 
models the most fundamental concepts in the domain of interest in a structured, extendable, and 
flexible format to facilitate future evolution and extension.   
Ontology has been widely applied into various research domains. It serves as the structural 
framework for organizing information and are utilized in artificial intelligence (e.g., Liu et al. 
2014; Yan et al. 2014), the Semantic Web (e.g., Gladun et al. 2012), systems engineering (e.g., 
van Ruijven 2012), software engineering (e.g., Wongthongtham et al. 2009; Henderson-Sellers et 
al. 2014), biomedical informatics (e.g., Soguero-Ruiz et al. 2013), library science (e.g., Lin 2013), 
etc.  
In the construction domain, ontologies have also been developed to represent knowledge in 
different subdomains and have been utilized in solving a variety of problems. For example, El-
Diraby et al.  (2005) established a construction domain taxonomy as a first step towards a formal 
ontology for construction knowledge. It is part of e-COGNOS project (COnsistent knowledGe 
management across prOjects and between enterpriSes in the construction domain). El-Diraby and 
Briceno (2005) developed a taxonomy for outside plant construction as an extension of the e-
COGNOS taxonomy. El-Diraby and Kashif (2005) developed a distributed ontology for 
knowledge management in highway construction as an extension of the e-COGNOS ontology. El-
Diraby and Zhang (2005) developed a taxonomy for building construction using the web ontology 
language (OWL). Anumba et al. (2008) explored the role of ontologies in the construction project 
delivery process, particularly related to information and knowledge management. El-Gohary and 
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El-Diraby (2010) developed a domain ontology for supporting knowledge-enabled process 
management and coordination across various stakeholders, disciplines, and projects. Niu and Issa 
(2013) explored a synthesized methodology to fulfill the conceptualization work for the domain 
knowledge of construction claims. Ontologies are also applied in solving a variety of problems in 
the construction domain, such as construction safety management (e.g., Wang and Boukamp 
2011), risk management (e.g., Jiang and Zhang 2013), and cost estimating (e.g., Niknam and 
Karshenas 2013).  
2.7 IFC Schema Extension  
The IFC schema is constantly evolving; a new version of the IFC schema is released every couple 
of years, and more than ten versions of the IFC schema have been released since the year 1997. 
The IFC coverage is extended with every release and addresses limitations based on user and 
developer needs (Eastman et al. 2011). However, “several omissions can be identified” from the 
IFC schema (Eastman et al. 2011). For example, there are limited properties for specialized space 
functions (e.g., functional zoning in a theater) (Eastman et al. 2011), acoustical performance (e.g., 
noise reduction coefficient, impact insulation class), moister and thermal performance (e.g., 
condensation resistance), and lighting performance (e.g., lighting power density). Thus, for a 
variety of research purposes, a number of research efforts have been undertaken towards extending 
the existing IFC schema. For example, Cemesova (2013) extended the IFC 2x3 TC1 to cover 
additional concepts to support energy analysis in buildings. Zhiliang et al. (2011) proposed to 
extend the IFC schema in the form of proxy elements and property sets to express information 
about construction cost estimating for tendering in China. Lee and Kim (2011) proposed to extend 
the IFC schema to cover the domain of road structures, which include roads, bridges, and tunnels. 
Serror et al. (2008) developed a Shared Computer-Aided Structural Design (sCAsD) model by 
 50 
 
 
extending the structural domain/view of the IFC schema. Weise et al. (2000) proposed to extend 
the structural domain of the IFC schema by an extension of new IFC entities and property sets. 
These research efforts have provided valuable contributions and knowledge on the development 
and extension of the IFC schema. However, none of these research efforts have focused on 
extending the IFC schema to support a multidimensional value analysis of buildings.  
2.8 BIM Information Extraction  
Some commercial or open-source BIM information extraction libraries or tools, such as Autodesk 
Revit (Autodesk 2016), IfcOpenShell (IfcOpenShell 2016), BimQL (BimQL 2016), and IFC File 
Analyzer (NIST 2016), are effective in supporting the extraction and organization of complete 
information from a BIM model. For example, IFC File Analyzer (NIST 2016) is able to extract the 
complete information from an IFC-based BIM model and summarize this information in an excel 
table, which enhances the clarity and readability of the information stored in the BIM model. 
However, these tools provide the full set of information, which  is unnecessarily too large for 
conducting a specific task or process (Won et al. 2013) such as value analysis, and requires further 
manual filtering or analysis of the information to find and select the specific information that is 
needed to conduct the task at hand (Nepal et al. 2013). Such manual filtration and analysis is time-
consuming and error-prone (Nepal et al. 2013).  
To address such limitations, a number of research efforts focused on extracting specific or partial 
information from a BIM model. Two types of partial information (or partial model) can be 
extracted from a complete BIM model. The first type involves the extraction of a subset of all the 
entities in the original model (Zhang and Issa 2013), which results in a “partial complete model” 
that includes partial building objects with all of its relevant information (e.g., all information 
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related to the exterior walls of a building). For example, Borrmann et al. (2009) proposed a spatial 
query language for extracting partial models that fulfill certain spatial constraints. Zhang and Issa 
(2013) proposed to use ontology in extracting a partial building information model from the 
original complete model. Won et al. (2013) proposed an algorithm for extracting a partial model 
from an IFC instance model without an IFC schema. However, this type of information extraction 
approach is not suitable for extracting value-specific design information, because it focuses on 
extracting partial building objects with all the associated information instead of extracting all the 
building objects with only the needed subset of information.    
The second type involves the extraction of building information on a specific aspect out of the 
complete model, which results in a “thinner” model that consists all the building objects with only 
relevant information (e.g., the geometry information of all the building objects) (Zhang and Issa 
2013). For example, Kim et al. (2013) established a framework for extracting relevant information 
(e.g., spatial, geometric, quantity) stored in a building information model to automatically generate 
a construction schedule. Nepal et al. (2013) extracted construction-specific information from a 
building information model for supporting BIM usage in construction and other downstream 
processes. Sinha et al. (2013) proposed a framework for extracting the parametric data in a building 
information model for automatically checking against energy-code criteria. This second type of 
information extraction has the potential to support value-specific information extraction. However, 
none of these existing research efforts have focused on extracting value-specific design 
information for supporting value analysis. Thus, there is a need for a method to extract all the 
building objects (e.g., roofs, walls, windows) and their relevant value-related properties (e.g., fire 
ratings of all roofs, acoustic ratings of all walls, or thermal transmittance of all windows) to support 
automated value analysis using BIM data.  
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CHAPTER 3 - STAKEHOLDER VALUE DISCOVERY 
This chapter presents the completed work of Research Task #2- Stakeholder Value Discovery. The 
following sections discuss value identification and classification, survey design, questionnaire 
validation, survey implementation and post survey interviews, and survey results and analysis.  
3.1 Stakeholder Value Identification and Classification  
Potential values (and subvalues) were  identified through a comprehensive review of the following 
theoretical value sources: (1) project and guidance documents, such as project planning and design 
documents, guidelines by the U.S. Environmental Protection Agency (U.S.EPA) and National 
Institute of Building Sciences (NIBS), etc., (2) value literature in the construction domain , and (3) 
value and axiology literature in other domains, such as value studies in information engineering, 
philosophy, techno-science, etc. In identifying the potential values from the literature, other 
concepts that may imply or relate to “values” – such as stakeholder needs, stakeholder interests, 
stakeholder beliefs, project goals, project requirements, design principles, project benefits, and 
project evaluation criteria – were also investigated. Values can be reflected by stakeholders’ needs, 
interests, or beliefs (Thomson et al. 2003) ; can be derived from project goals; and can be translated 
to design requirements (Dooley and Sormunen 2014). A partial list of the values and corresponding 
value sources are summarized in Table 3.1 (Zhang and El-Gohary 2015). 
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Table 3.1. Literature Review of Value Discovery (Partial Summary List) 
Reference  
Valuea 
V
1
 
V
2
 
V
3
 
V
4
 
V
5
 
V
6
 
V
7
 
V
8
 
V
9
 
V
1
0
 
V
1
1
 
V
1
2
 
V
1
3
 
V
1
4
 
V
1
5
 
V
1
6
 
Bluyssen 2009   X  X X X X X        
Bunz et al. 2006 X   X   X X X        
Ding 2008 X X X X X X  X    X     
Eichholtz et al. 2009  X       X         
ELARD 2009 X X X X  X X X   X X    X 
Feifer 2011 X X X X X X X X X X X      
iiSBE 2012  X      X X X        
Jahani and El-Gohary 2012 X X   X X X X   X X X  X  
Kelting and Montoya 2012 X X X     X  X       
Korkmaz et al. 2010  X      X  X       
Mostafa and El-Gohary 2014  X X   X X X X  X  X X X   
NIBS 2013   X     X X X        
Paehlke 2000   X     X X X  X X X X X 
Pearce 2003 X  X     X X        
Pulaski et al. 2006    X   X  X  X      
ResilientCity 2013        X X        
RICS 2005 X  X    X X X  X      
Robichaud and Anantatmula 
2011 
X X     X X         
Shen et al. 2011  X X X X  X  X    X     
Tam and Zeng 2013 X X X   X X X X        
U.S.EPA 2001 X X X  X  X X X   X X X   
USGBC 2009  X X X X X X X X   X X X  X 
Walsh 2002  X  X    X X   X      
Wang 2009  X X X X   X X X  X    X X 
a: The numbering of values follows that in Figure 3.1. 
 
The identified values were then classified based on a TBL sustainability perspective. The need for 
considering values from a holistic TBL perspective has been emphasized by industry stakeholders 
(Twomey et al. 2010).  Researchers and institutions (e.g., Levitt 2007, NRC 2009) have also been 
calling for maximizing the lifecycle environmental, social, and economic value of our built 
environment to promote sustainability. A “TBL-sustainability value perspective” was, thus, used  
for classifying stakeholder values because (1) a TBL-sustainability perspective in discovering 
values offers a holistic approach to the identification and classification of values by considering 
the multifaceted aspects of sustainability, and (2) a sustainability-oriented value discovery would 
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ultimately support the achievement of sustainability by considering the discovered values in the 
decision-making process (Zhang and El-Gohary 2015).   
Based on the TBL-sustainability perspective, three main types of values were identified:  
environmental values, social values, and economic values. The concepts were defined based on 
benchmarking the work by different organizations and researchers in the construction domain (e.g., 
U.S. EPA 2001; NIBS 2013; RICS 2005; Jahani and El-Gohary 2012; Bluyssen 2009; Pearce 
2003).  A partial list of these works is included in Table 3.1. An environmental value is a value 
concerned with protecting, preserving, restoring, and/or enhancing the natural environment or the 
built environment. Three main types of environmental values were identified: pollution prevention, 
resource conservation, and ecological preservation.  Pollution prevention is the value concerned 
with monitoring, preventing, and/or reducing the pollution (e.g., air pollution) caused, directly or 
indirectly, by the building. Resource conservation is the value concerned with protecting resources 
(e.g., land) and/or managing resources used by the building (e.g., water, energy, material) more 
efficiently, including reducing the waste or consumption of resources, reusing or recycling 
resources, and/or using resources with recycled content. Ecological preservation is the value 
concerned with monitoring, preserving, restoring, and/or enhancing the surrounding ecosystem 
(e.g., habitat, wetland) of a building, and improving the biodiversity accordingly (Zhang and El-
Gohary 2015).  
A social value is a value concerned with enhancing the well-being and quality of life of building 
stakeholders through enhancing the built environment. Six main categories of social values were 
discovered: health and comfort improvement, building safety, building security, accessibility, 
aesthetics, and culture and community value. Health and comfort improvement is the value 
concerned with protecting and/or improving the physical and mental well-being, health, and 
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comfort of building users, which could be affected by the indoor environmental conditions of the 
building in terms of interior lighting, acoustics, thermal control, ergonomics, and/or indoor air 
quality.  Building safety is the value concerned with identifying, preventing, reducing, and/or 
eliminating building-related safety hazards that may cause human injury or possession loss. 
Building security is the value concerned with protecting the building and/or the building users 
against loss, crime, danger, and/or vandalism. Accessibility is the value concerned with improving 
the accessibility of the building to disabled building users, and/or the accessibility of all building 
users to public services. Aesthetics is the value concerned with enhancing the physical appearance 
or image of the building, including its elements, spaces, and landscaping. Culture and community 
value is the value concerned with preserving and/or protecting the local culture and history together 
with improving the quality of the building’s neighborhood (Zhang and El-Gohary 2015).  
An economic value is a value concerned with enhancing the financial and/or economic well-being 
of building stakeholders and/or the society at large through the development of the building. Two 
main subconcepts of economic value were identified: financial value and economy improvement. 
A financial value is a value concerned with increasing, directly or indirectly, the financial gains 
and/or decreasing the financial costs to the stakeholders of the building. Economy improvement is 
the value concerned with the macro or micro economic improvement that is affected by or 
enhanced by the development of the building (Zhang and El-Gohary 2015).   
Each subvalue was further broken down into more detailed, specialized concepts, thereby forming 
a value hierarchy (taxonomy of value concepts). A partial value hierarchy (up to the fourth level – 
at a total of 50 subvalues at the fourth level), represented in the form of a Unified Modeling 
Language (UML) class diagram, is shown in Figure 3.1 (numbers of V1 to V50 were assigned to 
each of these subvalues) (Zhang and El-Gohary 2015).   
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3.2 Survey Design 
The 50 subvalues were included in a questionnaire to solicit the opinion of stakeholders on their 
importance. Stakeholder input was solicited on values at the fourth level of the hierarchy, instead 
of more specialized values at lower levels in the hierarchy, to balance the need for both coverage 
and efficiency in surveying because subvalues at the fourth level are representative, descriptive, 
and detailed enough in covering the domain of stakeholder values in the context of building design, 
without being overwhelming in number or detail (Zhang and El-Gohary 2015). 
A separate questionnaire was designed for each of the three types of buildings: residential, 
commercial, and educational. The three questionnaires were similar in terms of content and 
structure. They were all composed of two sections: (1) respondent information and (2) importance 
of values. Section 1 aimed at acquiring respondent information in terms of their age, gender, 
educational background, ethnicity, working/studying/living location, organization characteristics, 
and most importantly, the stakeholder group they belong to. In Section 2, the main section, 
respondents were asked to rate the importance degree of each of the 50 subvalues to them in the 
context of residential (commercial or educational for Questionnaires 2 and 3, respectively) 
buildings. The definitions of the values were provided to ensure the clarity of the concept 
meanings.  A six-point Likert scale was used to capture the responses, with 6 being ‘very 
important’ and 1 being ‘very unimportant’. Likert scales facilitate the quantification of responses 
so that a statistical analysis can be conducted using the collected data (Goh and Yang 2013). 
Research shows that common practice varies widely in terms of the number of points on a Likert 
scale (Krosnick and Presser 2010).  A Likert scale could have an even or an odd number of points. 
An odd number Likert scale or a “don’t know” option are used when the topic being surveyed is 
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highly sensitive, and thus a mid-point (neutral point) option and/or a “don’t know”  option are 
needed (Losby and Wetmore 2012). An even number Likert scale is preferred when a distinctive 
attitude to the topic being surveyed is required and more discriminating answers are desired, 
because some respondents may tend to select the midpoint – as a neutral or undecided point – in 
an odd number scale as a way to avoid making discriminating answers (Losby and Wetmore 2012). 
“Respondents might choose either a neutral or unsure response because they do not want to exert 
the cognitive effort to form an opinion” (DeMars and Erwin 2005). In this case, an even number 
Likert scale is seen as a means to encourage respondents to exert this effort and make 
discriminating selections instead of taking the neutral “easy” option (Losby and Wetmore 2012). 
Thus, in this survey, an even number Likert scale was selected in order to encourage stakeholders 
to make more discriminating selections. To avoid “forced” responses, however, respondents were 
allowed to skip questions (Zhang and El-Gohary 2015).  
An open-ended question was also included at the end of Section 2 to ask respondents if there is 
any other value (other than the 50 subvalues) important to them. At the end of the questionnaire, 
respondents were asked about their willingness to participate in a post survey interview (Zhang 
and El-Gohary 2015).  
3.3 Questionnaire Validation  
3.3.1 Validating the Potential Value Concepts 
Prior to surveying stakeholder opinion on the importance of the set of 50 stakeholder values, expert 
surveys were conducted to validate the clarity, representativeness, familiarity, classification, 
repetitiveness, redundancy, and coverage of the value concepts.  Five face-to-face surveys were 
conducted to solicit the opinion of a selected set of experts with expertise in the AEC domain. The 
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selected experts included: (1) academic experts: university professors from the domains of 
structural engineering, architecture, and sustainable and resilient infrastructure systems, and (2) 
industry experts: senior construction industry professionals. Each survey was composed of three 
main parts: (1) a short presentation by the author to introduce the research purpose, research 
background, and research task, (2) a walkthrough of the value hierarchy, and (3) a questionnaire 
survey to solicit respondent feedback (Zhang and El-Gohary 2015).  
 The questionnaire was composed of four sections: (1) respondent information, (2) familiarity with 
survey scope, (3) importance of value discovery, and (4) evaluation of value concepts. Section 1 
solicited respondent background information in terms of name, organization, position, years of 
experience, field of experience, and contact information. Section 2 gathered respondents’ 
familiarity with (1) stakeholder values and value-enhancing approaches (e.g., value engineering) 
and (2) sustainable building planning and design. Section 3 aimed at soliciting expert opinion about 
the importance of value sensitive planning and design, stakeholder value discovery, and value 
quantification. In Section 4, experts were requested to provide an assessment of the value concepts 
through direct questions about their clarity, representativeness, familiarity, classification, 
repetitiveness/redundancy, and coverage. The results of Section 2 to 4 are summarized in Table 
3.2. A six-point Likert scale was used to record the responses, with 6 being the most favorable and 
1 being the least favorable. Overall, the results indicate that the respondents collectively “agreed” 
that (1) value-sensitive planning and design of buildings is important, and (2) stakeholder value 
discovery is important to facilitate value-sensitive planning and design, and “strongly agreed” that 
quantifying the value/worth of a building based on stakeholder values is important to facilitate 
value-sensitive planning and design. For the evaluation of the identified value concepts, 
collectively, respondents “agreed” that (1) the terms used to refer to the value concepts are 
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effective in communicating the intended meaning of the concepts, (2) the value concepts are 
familiar, and (3) the classification of the value concepts is appropriate. They “strongly agreed” that 
(1) the value concepts are representative, (2) there are no repetitive or redundant concepts, and (3) 
the concepts are sufficient in covering the main potential stakeholder values in the context of 
buildings (Zhang and El-Gohary 2015).  
Table 3.2 Summary of Expert Interview Results 
Section Question 
Response analysis 
Mean 
Standard 
deviation 
Median 
Interpretation of 
result                           
(based on 
median) 
Section 2 
How familiar are you with stakeholder values 
and value-enhancing approaches (e.g., value 
engineering)? 
4.60 1.52 5.00 Familiar 
How familiar are you with sustainable building 
planning and design? 
5.00 1.00 5.00 Familiar 
Section 3 
Value-sensitive planning and design of 
buildings is important for building 
development. 
5.00 0.70 5.00 Agree 
Discovering stakeholder values is important to 
facilitate value-sensitive planning and design. 
5.20 0.83 5.00 Agree 
Quantifying the value/worth of a building 
based on stakeholder values is important to 
facilitate value-sensitive planning and design. 
5.40 0.89 6.00 Strongly agree 
Section 4 
The terms used to refer to these value concepts 
are effective in communicating the intended 
meaning of the concepts. 
5.20 0.84 5.00 Agree 
These value concepts are representative. 5.40 0.89 6.00 Strongly agree 
These value concepts are familiar to me. 4.60 0.55 5.00 Agree 
The classification of these value concepts is 
appropriate. 
5.20 0.84 5.00 Agree 
There are no repetitive or redundant concepts. 5.60 0.55 6.00 Strongly agree 
These value concepts are sufficient in covering 
the main potential stakeholder values in the 
context of buildings. 
5.60 0.55 6.00 Strongly agree 
 
3.3.2 Validating the Questionnaire Design 
A pilot study was conducted to test the effectiveness of the questionnaire. Twenty-one respondents 
participated in the study. Respondents were randomly selected from the set of potential 
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respondents (described in the Survey Implementation section). Participants were requested to 
complete the survey as a stakeholder and, then, to provide feedback on the format and content of 
the questionnaire. Feedback was solicited on different aspects of the questionnaire, such as the 
question wording, response options and evaluation scale, instructions to respondents, visual 
appearance, and clarity of value concepts. The questionnaire was then revised based on the 
feedback. For example, (1) a number scale of 1-6 was replaced with a word scale (“very 
unimportant”, “unimportant”, “moderately unimportant”, “moderately important”, “important”, 
and “very important”) to enhance clarity and avoid inconsistent interpretation of the meaning of 
the numbers; and (2) definitions of value concepts were added and examples of subvalues were 
included to improve the clarity of concept meanings (Zhang and El-Gohary 2015). 
3.4 Survey Implementation  
The stakeholder survey was conducted online using Google Documents from July to November 
2013, and a survey invitation and a link were sent out through email. The survey targeted 
responsible, impacted, and interested stakeholders of residential, commercial, and educational 
buildings in the state of Illinois. Benchmarking the work by El-Gohary et al. (2006), a responsible 
stakeholder is an organization or individual who has some degree of responsibility or liability with 
respect to the development of the building, such as owners, contractors, designers, etc. An 
impacted stakeholder refers to an organization or individual who is directly or indirectly affected 
by the development of the building, such as building users, local communities, etc. An interested 
stakeholder is an organization or individual who is not directly impacted by the building, but is 
interested in learning, participating, or providing opinion about the building development process, 
such as environmentalists. The classification of stakeholders is shown in Figure 3.2. Potential 
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respondents were sampled from different online sources, including websites, online address books, 
school address books, newspapers, etc. Since the sample was defined through online sources and 
a list of the entire population was not available, the sample cannot be regarded as a random sample 
and therefore the results of the survey should not be generalized to the entire population of Illinois 
(Zhang and El-Gohary 2015).  
Stakeholder 
Interested 
Stakeholder
Impacted 
Stakeholder
Responsible 
Stakeholder
Owner 
Contractor 
Regulator
Designer
Facility
 Manager
Local 
Community
Building End-
user
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Consultant 
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Building Interest 
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Economic Interest 
Group
Society Development 
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Expert
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Architect 
Engineer 
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Insurance 
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General 
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Sub-
Contractor
Bonding 
Company 
Project
 Manager
 
Figure 3.2 Stakeholder Hierarchy (Zhang and El-Gohary 2015) 
 
3.5 Post Survey Interviews 
After the survey was completed, post survey interviews were conducted to solicit further feedback, 
explanation, elaboration, and/or comments from a subset of the survey participants, not only on 
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the participants’ own responses in the questionnaire but also on the overall survey results and 
interim research findings. Eight one-to-one face-to-face structured interviews were conducted with 
a subset of the respondents that were willing to participate in the post survey interviews. This 
interviewing best practice ensures that the interviews involve only those who are genuinely willing 
to participate and offer opinions freely (Shenton 2004). During the interviews, a checklist of 
questions, iterative questioning, and interview notes were used to ensure the trustworthiness of the 
collected opinions from the participants. The member (interviewee) check technique was also used 
during the interviews to verify the responses of the interviewees and the interpretations of the 
responses and/or inferences made by the interviewer (the author). Member check is recognized as 
an important technique for establishing the credibility of qualitative research methods (such as 
interviews) (Shenton 2004, Dipeolu 2010, Zhang and El-Gohary 2015).   
3.6 Survey Results and Analysis  
The analysis of the survey results aimed at addressing the following research questions: 
 What are the rankings of the values (1) overall, for all stakeholder groups, in the context of 
each building type, and (2) for each stakeholder group in the context of each building type? 
 What are the rankings of the three main values (i.e., environmental value vs. social value vs. 
economic value)? 
 What are the correlations in the rankings of the values (1) across different building types, and 
(2) across different stakeholder groups in the context of each building type? 
 What are the differences in the rankings of the values (1) across different building types, and 
(2) across different stakeholder groups in the context of each building type? 
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In order to address the above questions, three statistical analysis methods were used: (1) mean 
indexing, (2) Kendall’s coefficient of concordance, and (3) Kruskal-Wallis H test. Mean indexing 
is widely used in exploratory and descriptive data analysis (Goh and Yang 2013). Kendall’s 
coefficient of concordance is a non-parametric test used for assessing correlations between three 
or more independent samples. Kruskal-Wallis H test is a non-parametric test used for comparing 
the differences between three or more independent samples (Laerd Statistics 2013). The Statistical 
Package for Social Sciences (SPSS) version 19.0 was used to conduct these statistical analyses 
(Zhang and El-Gohary 2015).  
In addition, three content analysis methods were used: (1) frequent debriefing sessions, (2) 
“reflective commentary”, and (3) examination of previous research. Frequent debriefing sessions 
are discussions that are held between the researcher and his/her supervisor (here the author and her 
thesis advisor) to widen the vision of the researcher and bring different experiences and 
perceptions. The discussions also provide a sounding board for the researcher to test his/her 
developing ideas and interpretations, and probing from others may help the researcher to recognize 
his/her own biases and preferences (Shenton 2004). “Reflective commentary” by the researcher 
aims at continuously evaluating the data/content analysis as it proceeds. It is used to record the 
researcher’s initial impressions on each collected data, interim finding, and inference.  Reflective 
commentary plays a key role in monitoring the researcher’s own developing 
constructions/interpretations, which is critical in establishing credibility (Guba and Lincoln 1989). 
Examination of previous research (e.g., Tam and Zeng 2013, Bluyssen 2009) findings aims at 
assessing the degree to which the survey results are congruent with the existing body of knowledge, 
which is considered as a key criterion for evaluating survey results and analyses (Silverman 2000, 
Zhang and El-Gohary 2015).   
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3.6.1 Classification of Responses 
A total of 1,235 potential respondents were identified and contacted via email. A total of 263 
complete responses (excluding 14 incomplete responses) were received, representing a 21.3% 
response rate. This is consistent with “the norm of 20-30% with most questionnaire surveys in the 
construction industry” (Akintoye 2000). The descriptive statistics of all responses were classified 
by (1) building type: residential building (P1), commercial building (P2), and educational building 
(P3), and (2) stakeholder classifications (as shown in Figure 3.2). The descriptive statistics are 
summarized in Table 3.3 (Zhang and El-Gohary 2015).  
Table 3.3. Descriptive Statistics of Responses 
Stakeholder 
group 
Building type a 
Total 
P1 P2 P3 
Frequency Percentage Frequency Percentage Frequency Percentage Frequency Percentage 
Owner 2 1% 1 0% 5 2% 8 3% 
Contractor 5 2% 5 2% 6 2% 16 6% 
Designer 6 2% 7 3% 7 3% 20 8% 
Project manager 3 1% 7 3% 7 3% 17 6% 
Facility 
manager 
5 2% 3 1% 7 3% 15 6% 
Supervisor 3 1% 5 2% 4 2% 12 5% 
Regulator 2 1% 2 1% 6 2% 10 4% 
Consultant 2 1% 4 2% 4 2% 10 4% 
Building end-
user 
20 8% 23 9% 30 11% 73 28% 
Local 
community 
5 2% 3 1% 6 2% 14 5% 
Local business 7 3% 0 0% 5 2% 12 5% 
Interest group 7 3% 8 3% 15 6% 30 11% 
Expert 3 1% 6 2% 9 3% 18 7% 
Media 
representative 
2 1% 0 0% 6 2% 8 3% 
Total 72 27% 74 28% 117 44% 263 100% 
a: P1= residential building, P2= commercial building, P3= educational building. 
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Responses were then grouped into nine subgroups by (1) building type: residential building (P1), 
commercial building (P2), and educational building (P3), and (2) stakeholder type: responsible 
stakeholder (S1), impacted stakeholder (S2), and interested stakeholder (S3). The descriptive 
statistics of the nine subgroups are summarized in Table 3.4 (Zhang and El-Gohary 2015).  
Table 3.4. Descriptive Statistics of Grouped Responses 
Stakeholder 
group a 
Building type b 
Total 
P1 P2 P3 
Frequency Percentage Frequency Percentage Frequency Percentage Frequency Percentage 
S1 28 11% 34 13% 46 17% 108 41% 
S2 32 12% 26 10% 41 16% 99 38% 
S3 12 5% 14 5% 30 11% 56 21% 
Total 72 27% 74 28% 117 44% 263 100% 
a: S1= responsible stakeholder, S2= impacted stakeholder, S3= interested stakeholder.  
b: P1= residential building, P2= commercial building, P3= educational building. 
 
3.6.2 Validating the Reliability of the Data 
Before proceeding with the data analysis, a Cronbach’s alpha reliability analysis was conducted to 
validate the internal consistency (i.e. reliability) of the data. Internal consistency indicates the 
extent to which all the items in a test measure the same concept. Alpha values greater than 0.7 
indicate adequacy of internal consistency (Laerd Statistics 2013). The overall Cronbach’s alpha 
values for the residential, commercial, and educational building surveys are 0.962, 0.943, and 
0.950, respectively, which indicates a high level of reliability (Zhang and El-Gohary 2015).  
3.6.3 Ranking of the Values  
The values were ranked based on their mean scores. The higher the mean score, the higher the 
rank, and vice versa. Table 3.5 and Table 3.6 show the rankings of the values for all stakeholder 
groups in the context of each building type and for each stakeholder group in the context of each 
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building type, respectively. As shown in the tables, all mean scores are higher than 4.00, which 
indicates that on average all values are at least “moderately important” to all stakeholder groups 
(Zhang and El-Gohary 2015).  
In most responses, and on average, indoor air quality (IAQ) improvement (V19) was ranked 
highest among the values, which indicates that IAQ is the most important value to the majority of 
stakeholders. This is consistent with a report published by the U.S. Environmental Protection 
Agency (U.S.EPA) (2008), which states that people are increasingly concerned about IAQ of 
buildings. Similarly, other studies by government agencies and individual researchers have 
consistently ranked indoor air pollution as an important environmental health problem (e.g., 
IDOPH 2011, U.S.EPA 1997). The majority of Americans, irrespective of their stakeholder 
groups, spend up to 90% of their time indoors (U.S.EPA 2009). The air they breathe indoors (e.g., 
at home, office, and school) exposes them to a variety of health risks such as sore eyes, headaches, 
fatigue, allergies, heart disease, and even other serious long-term conditions. Common methods 
such as controlling pollution sources, ventilation, changing filters, and adjusting humidity should 
be adopted to improve IAQ (U.S.EPA 2008, Zhang and El-Gohary 2015).  
On average, fire safety (V28) was ranked among the highest important values. This finding 
coincides with the results of a research study (Tam and Zeng 2013) that focused on analyzing 
stakeholder opinion on residential building performance, which showed that fire safety has become 
increasingly important to the public. The study also showed that the performance of smoke alarms 
is crucial for fire protection and that necessary policies should be implemented to control the 
manufacturing quality of smoke alarms. Buildings require reliable automatic fire safety systems to 
detect, control, and extinguish a fire problem in the early stage. Similarly, electrical safety (V30) 
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was considered as one of the most important values to the stakeholders. Statistics on electrical 
accidents show that, each year, approximately 300 deaths occur due to accidental electrocutions, 
over 800 death occur due to fires caused by electrical faults, thousands of shock injuries or burns 
occur due to electrical mishaps, and more than 1.3 billions dollars in property damage are caused 
by electrical failure (NIBS 2013). Research studies have consistently reported that building safety, 
such as fire and electrician safety, is always a primary goal of owners, designers, project managers, 
occupants, and other stakeholders (NIBS 2013, Zhang and El-Gohary 2015).   
Another noteworthy highly-ranked value is energy conservation (V8). Reducing energy 
consumption is a core objective in sustainable building planning and design, and the concept of 
net zero energy building has gained wide attention in both research and practice (e.g., Korkmaz et 
al. 2010, WGBC 2009, U.S.EPA 2013b). Reducing energy consumption in buildings further 
reduces the environmental burdens (e.g., water, air pollution) associated with energy production, 
delivery, and usage, and brings high capital costs savings (USGBC 2009). The fulfillment of the 
energy conservation value, thus, positively affects the fulfillment of other values such as water 
pollution prevention, air pollution prevention, habitat preservation, and cost saving (Zhang and El-
Gohary 2015).  
In comparison to the above mentioned highly-ranked values, tax benefit (V43) and light pollution 
prevention (V5) were ranked the lowest according to most of the responses. Although a number 
of states (e.g., New York, Maryland) are starting to pass legislation for tax benefits for green 
buildings, the state of Illinois has not enacted such a legislation, which might explain the low 
importance attached to tax benefits. For light pollution prevention, in the post survey interviews, 
stakeholders argued that although light pollution prevention is important in protecting night sky 
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visibility and preserving natural light levels, it is not as severe as the other types of pollutions (e.g., 
air, water, and noise pollution) in terms of the negative impacts on human health, daily life, and 
environmental conditions (Zhang and El-Gohary 2015).  
The results in Table 3.5 and Table 3.6 also indicate that the importance levels of values were rated 
differently across different building types and stakeholder groups, with a few exceptions. For 
example, building aesthetics (V17) was ranked 28 for residential buildings and 27 for educational 
buildings, but 16 for commercial buildings. In the context of educational buildings, building 
accessibility (V36) was ranked 18 by impacted stakeholders and 10 by interested stakeholders, but 
ranked 1 by responsible stakeholders. Therefore, another set of tests were carried out to assess the 
significances of the differences in the rankings of the values across different building types and 
different stakeholder groups. The results are reported and discussed in the Differences in the 
Rankings of Values section (Zhang and El-Gohary 2015).  
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Table 3.5. Overall Ranking of Values (by All Stakeholder Groups) in the Context of Different 
Types of Buildings 
Value a 
Building type b 
P1 P2 P3 
Mean Rank Mean Rank Mean Rank 
V1 5.43 11 5.41 10 5.32 8 
V2 5.53 5 5.38 12 5.45 3 
V3 5.38 14 5.16 20 5.29 9 
V4 5.03 26 5.08 27 5.08 15 
V5 4.53 45 4.45 50 4.15 49 
V6 4.92 35 4.65 46 4.67 36 
V7 5.33 15 5.42 7 5.16 13 
V8 5.47 6 5.54 4 5.43 5 
V9 5.01 27 5.12 24 5.03 17 
V10 5.19 16 5.07 28 5.03 17 
V11 4.94 31 4.80 43 4.80 33 
V12 5.04 23 4.86 37 4.75 34 
V13 4.88 36 4.81 42 4.66 40 
V14 4.86 37 4.86 37 4.61 41 
V15 4.94 31 4.95 34 4.71 35 
V16 4.86 37 4.59 48 4.56 43 
V17 4.99 28 5.28 16 4.91 27 
V18 5.04 23 5.09 26 4.82 32 
V19 5.65 1 5.78 1 5.53 1 
V20 5.40 12 5.41 10 5.35 7 
V21 5.04 23 5.15 22 4.93 25 
V22 5.15 18 5.31 13 4.99 20 
V23 5.11 19 5.15 22 4.97 24 
V24 4.93 33 5.18 18 4.99 20 
V25 4.96 30 5.16 20 4.85 31 
V26 5.54 4 5.42 7 5.29 9 
V27 5.10 20 5.12 24 4.91 27 
V28 5.60 2 5.72 2 5.50 2 
V29 5.46 7 5.57 3 5.27 11 
V30 5.57 3 5.53 6 5.45 3 
V31 5.06 22 5.30 14 5.09 14 
V32 4.99 28 5.18 18 4.98 23 
V33 5.39 13 5.30 14 5.06 16 
V34 5.46 7 5.28 16 5.01 19 
V35 5.17 17 4.99 30 4.92 26 
V36 5.46 7 5.54 4 5.36 6 
V37 5.44 10 5.42 7 5.19 12 
V38 4.69 41 4.68 45 4.67 36 
V39 4.68 44 4.84 41 4.67 36 
V40 5.07 21 4.91 35 4.99 20 
V41 4.69 41 4.89 36 4.59 42 
V42 4.74 40 4.85 40 4.38 45 
V43 4.35 50 4.59 48 4.04 50 
V44 4.69 41 4.96 33 4.33 47 
V45 4.93 33 4.99 30 4.87 30 
V46 4.83 39 5.05 29 4.90 29 
V47 4.38 48 4.64 47 4.23 48 
V48 4.39 47 4.99 30 4.37 46 
V49 4.38 48 4.86 37 4.67 36 
V50 4.43 46 4.77 44 4.55 44 
a
: The numbering of values follows that in Figure 3.1. 
b: P1= residential building, P2= commercial building, P3= educational building. 
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Table 3.6. Ranking of Values by Different Stakeholder Groups in the Context of Different Types 
of Buildings 
Value a 
Stakeholder group in the context of building type b 
P1 P2 P3 
S1 S2 S3 S1  S2  S3  S1  S2  S3  
Mean Rank Mean Rank Mean Rank Mean Rank Mean Rank Mean Rank Mean Rank Mean Rank Mean Rank 
V1 5.32 12 5.41 10 5.75 2 5.47 6 5.19 15 5.64 7 4.91 22 5.63 1 5.53 3 
V2 5.46 7 5.59 2 5.50 7 5.41 10 5.23 13 5.57 10 5.20 8 5.59 2 5.67 2 
V3 5.43 8 5.38 12 5.25 14 5.18 21 5.04 24 5.36 17 5.20 8 5.34 8 5.37 10 
V4 5.11 21 4.88 33 5.25 14 5.21 18 4.88 29 5.14 28 5.02 13 5.20 12 5.00 24 
V5 4.39 46 4.75 38 4.25 49 4.62 48 4.12 49 4.64 50 4.00 50 4.34 43 4.10 50 
V6 4.57 44 5.31 18 4.67 35 4.53 49 4.73 36 4.79 45 4.35 46 5.17 14 4.47 47 
V7 5.29 14 5.31 18 5.50 7 5.41 10 5.19 15 5.86 3 4.98 16 5.17 14 5.43 7 
V8 5.50 6 5.38 12 5.67 3 5.47 6 5.50 5 5.79 5 5.35 5 5.27 10 5.77 1 
V9 5.07 22 4.94 31 5.08 24 5.21 18 4.81 32 5.50 12 4.96 18 4.95 27 5.27 17 
V10 5.25 15 5.03 28 5.50 7 5.12 28 4.85 31 5.36 17 4.89 23 5.07 19 5.17 20 
V11 5.04 25 4.81 37 5.08 24 4.94 39 4.58 40 4.86 40 4.78 30 4.78 31 4.87 35 
V12 5.00 26 5.03 28 5.17 19 5.00 34 4.50 43 5.21 23 4.41 45 4.78 31 5.23 18 
V13 4.96 28 4.69 39 5.17 19 5.03 32 4.19 48 5.43 16 4.46 42 4.63 39 5.00 24 
V14 4.89 33 4.69 39 5.25 14 5.03 32 4.46 44 5.21 23 4.48 41 4.68 35 4.70 40 
V15 4.86 35 4.91 32 5.25 14 5.18 21 4.42 45 5.36 17 4.52 39 4.71 34 5.00 24 
V16 4.89 33 4.84 34 4.83 31 4.91 41 3.96 50 5.00 34 4.46 42 4.32 44 5.03 23 
V17 5.18 18 4.84 34 4.92 28 5.47 6 5.12 18 5.14 28 5.00 14 4.73 33 5.00 24 
V18 5.07 22 5.06 26 4.92 28 5.21 18 5.04 24 4.93 38 4.85 25 4.66 36 5.00 24 
V19 5.68 2 5.75 1 5.33 12 5.71 1 5.81 1 5.93 1 5.48 2 5.59 2 5.53 3 
V20 5.43 8 5.47 7 5.17 19 5.41 10 5.35 10 5.50 12 5.35 5 5.39 6 5.30 14 
V21 5.00 26 5.25 20 4.58 39 5.15 26 5.04 24 5.36 17 4.87 24 5.00 24 4.93 32 
V22 4.96 28 5.44 8 4.83 31 5.29 15 5.23 13 5.50 12 4.85 25 5.00 24 5.20 19 
V23 5.18 18 5.25 20 4.58 39 5.24 17 5.08 19 5.07 31 4.96 18 5.02 22 4.93 32 
V24 4.86 35 5.09 25 4.67 35 5.18 21 5.19 15 5.14 28 4.76 32 5.15 16 5.13 21 
V25 4.64 43 5.38 12 4.58 39 5.15 26 4.92 28 5.64 7 4.67 35 4.90 28 5.07 22 
V26 5.71 1 5.34 16 5.67 3 5.26 16 5.50 5 5.64 7 5.17 10 5.37 7 5.37 10 
V27 4.96 28 5.22 22 5.08 24 5.09 31 5.08 19 5.29 21 4.80 29 5.00 24 4.97 30 
V28 5.64 3 5.56 3 5.58 5 5.68 2 5.65 2 5.93 1 5.48 2 5.54 4 5.50 5 
V29 5.32 12 5.44 8 5.83 1 5.56 4 5.42 8 5.86 3 5.11 11 5.34 8 5.43 7 
V30 5.64 3 5.56 3 5.42 10 5.50 5 5.46 7 5.71 6 5.46 4 5.41 5 5.50 5 
V31 5.18 18 5.13 24 4.58 39 5.32 13 5.31 12 5.21 23 5.04 12 5.27 10 4.90 34 
V32 5.07 22 5.06 26 4.58 39 5.32 13 5.08 19 5.00 34 4.93 20 5.20 12 4.77 37 
V33 5.25 15 5.56 3 5.25 14 5.12 28 5.58 4 5.21 23 4.83 27 5.05 20 5.43 7 
V34 5.39 11 5.56 3 5.33 12 5.12 28 5.65 2 5.00 34 4.67 35 5.12 17 5.37 10 
V35 5.21 17 5.38 12 4.50 45 5.00 34 5.08 19 4.79 45 4.78 30 5.05 20 4.97 30 
V36 5.61 5 5.34 16 5.42 10 5.62 3 5.42 8 5.57 10 5.59 1 5.10 18 5.37 10 
V37 5.43 8 5.41 10 5.58 5 5.44 9 5.35 10 5.50 12 5.26 7 5.02 22 5.30 14 
V38 4.71 40 4.50 48 5.17 19 4.79 45 4.42 45 4.86 40 4.57 38 4.66 36 4.83 36 
V39 4.68 42 4.63 42 4.83 31 4.94 39 4.73 36 4.79 45 4.65 37 4.63 39 4.73 39 
V40 4.93 31 5.16 23 5.17 19 4.97 37 4.73 36 5.07 31 4.93 20 4.83 30 5.30 14 
V41 4.75 39 4.66 41 4.67 35 5.00 34 4.81 32 4.79 45 4.7 33 4.49 42 4.57 43 
V42 4.93 31 4.53 47 4.83 31 4.79 45 4.88 29 4.93 38 4.46 42 4.17 47 4.57 43 
V43 4.00 50 4.59 44 4.50 45 4.53 49 4.58 40 4.79 45 4.04 49 3.80 50 4.37 49 
V44 4.86 35 4.56 45 4.67 35 4.97 37 5.00 27 4.86 40 4.52 39 3.98 49 4.53 45 
V45 4.86 35 5.00 30 4.92 28 5.18 21 4.62 39 5.21 23 4.98 16 4.66 36 5.00 24 
V46 4.71 40 4.84 34 5.08 24 5.18 21 4.77 35 5.29 21 5.00 14 4.88 29 4.77 37 
V47 4.14 49 4.63 42 4.25 49 4.76 47 4.35 47 4.86 40 4.17 48 4.12 48 4.47 47 
V48 4.36 47 4.38 49 4.50 45 4.88 43 5.08 19 5.07 31 4.35 46 4.22 46 4.60 42 
V49 4.54 45 4.19 50 4.50 45 4.91 41 4.81 32 4.86 40 4.83 27 4.59 41 4.53 45 
V50 4.21 48 4.56 45 4.58 39 4.85 44 4.54 42 5.00 34 4.70 33 4.29 45 4.67 41 
a: The numbering of values follows that in Figure 3.1. 
b: P1= residential building, P2= commercial building, P3= educational building; S1= responsible stakeholder, S2= 
impacted stakeholder, S3= interested stakeholder.  
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3.6.4 Comparison of the Three Major Values  
In order to compare the rankings of the values on an aggregate level, the mean score of each of the 
three main types of values (environmental, social, and economic) was calculated by averaging the 
mean scores of their subvalues. The results are summarized in Table 3.7. As per Table 3.7, the 
mean scores of social values are higher than that of environmental and economic values. This 
indicates that, irrespective of the type of building, stakeholders attached higher importance to 
social values than environmental and economic values. In the post survey interviews, respondents 
stressed the importance of investigating how to enhance the well-being and quality of life of 
building end-users, including  (1) how to improve their comfort level, (2) how to ensure their 
safety, security, and health at all times, and (3) how to improve their accessibility inside and 
outside of the building. A designer highlighted that the higher ranking for social values is 
manifested by the rising popularity of “user-centered design”, which aims to fulfill these key social 
values and focuses on identifying and satisfying user needs and enhancing the well-being of users 
when interacting with the built environment. This result also coincides with the findings from a 
research which showed a gradual shift of emphasis from material values (e.g., economic growth) 
to post-material values (e.g., more humane society, better environment) was occurring (Nováček 
2013, Inglehart 1990, Zhang and El-Gohary 2015).  
Although, in general, social and environmental values were rated higher than economic values, the 
mean scores also suggest that stakeholders attached higher importance to economic values in the 
context of commercial buildings in comparison to residential and educational buildings. A detailed 
analysis comparing the differences across building types is discussed in the Differences in the 
Rankings of Values section (Zhang and El-Gohary 2015).   
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Table 3.7. Mean Importance Scores of the Three Main Types of Values 
Main value type 
Mean importance score in the context of building type a 
P1 P2 P3 
Environmental value 5.09 5.02 4.92 
Social value 5.21 5.27 5.09 
Economic value 4.56 4.82 4.47 
a: P1= residential building, P2= commercial building, P3= educational building. 
 
3.6.5 Similarity in the Rankings of Values  
Kendall’s coefficient of concordance was used to examine the general similarity in the rankings of 
values across the three types of buildings and among the three stakeholder groups in the context 
of each building type. The results of the test was interpreted based on the probability value (p-
value). If the p-value is less than 0.05, the distributions of the rankings of the values are not the 
same. As shown in Table 3.8, all p-values are greater than 0.05, which indicates that there is a 
general consensus on the rankings of the values for the different types of buildings and among the 
different groups of stakeholders. Overall, irrespective of the building types and stakeholder groups, 
there is a similarity in the general tendency of ranking the 50 values (Zhang and El-Gohary 2015).   
Table 3.8. Results of Kendall’s Coefficient of Concordance 
Stakeholder group and building type a 
P-value of Kendall's Coefficient of 
Concordance  
P1 vs. P2 vs. P3 0.608 
P1 S1 vs. S2 vs. S3 0.454 
P2 S1 vs. S2 vs. S3 0.758 
P3 S1 vs. S2 vs. S3 0.995 
a: P1= residential building, P2= commercial building, P3= educational building; S1= responsible 
stakeholder, S2= impacted stakeholder, S3= interested stakeholder. 
 
3.6.6 Differences in the Rankings of Values  
Although there is a general agreement on the rankings of values, the results of Kendall’s coefficient 
of concordance cannot identify if/which specific values were rated significantly differently across 
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building types and stakeholder groups. As such, a Kruskal-Wallies H test was used to assess the 
differences of rankings across the three building types and across the three stakeholder groups in 
the context of each building type. The results were interpreted based on the probability value (p-
value). If the p-value is less than 0.05, there is a significant difference across the groups. A post-
hoc pairwise comparison test was, then, conducted to identify where exactly the differences 
between the groups lie. The results of the Kruskal-Wallis H test and the post-hot pairwise 
comparison are summarized in Table 3.9, Table 3.10, Table 3.11, Table 3.12, and Table 3.13, and 
discussed in the following subsections (Zhang and El-Gohary 2015).  
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Table 3.9. Results of Kruskal-Wallis H Test 
Value a 
P-value of Kruskal-Wallis H test across building type and stakeholder group b 
P1 vs. P2 vs. P3 
P1 P2 P3 
S1 vs. S2 vs. S3 S1 vs. S2 vs. S3 S1 vs. S2 vs. S3 
V1 0.974 0.205 0.194 0.003c 
V2 0.403 0.922 0.450 0.022c 
V3 0.115 0.670 0.683 0.486 
V4 0.995 0.113 0.640 0.624 
V5 0.064 0.281 0.604 0.498 
V6 0.287 0.003c 0.533 0.002c 
V7 0.204 0.753 0.040c 0.118 
V8 0.805 0.280 0.235 0.101 
V9 0.810 0.560 0.050 0.393 
V10 0.339 0.277 0.109 0.636 
V11 0.488 0.462 0.472 0.771 
V12 0.367 0.694 0.087 0.004c 
V13 0.379 0.305 0.003c 0.111 
V14 0.224 0.313 0.044c 0.567 
V15 0.422 0.363 0.016c 0.257 
V16 0.236 0.948 0.014c 0.054 
V17 0.008c 0.604 0.108 0.396 
V18 0.024c 0.814 0.268 0.335 
V19 0.043c 0.323 0.224 0.631 
V20 0.763 0.700 0.955 0.804 
V21 0.264 0.104 0.616 0.693 
V22 0.089 0.126 0.714 0.274 
V23 0.390 0.272 0.741 0.931 
V24 0.188 0.303 0.840 0.068 
V25 0.167 0.003c 0.174 0.257 
V26 0.131 0.198 0.394 0.508 
V27 0.345 0.499 0.786 0.597 
V28 0.110 0.867 0.246 0.959 
V29 0.064 0.250 0.170 0.170 
V30 0.443 0.424 0.580 0.911 
V31 0.440 0.261 0.810 0.595 
V32 0.667 0.455 0.303 0.257 
V33 0.013c 0.118 0.029c 0.013c 
V34 0.001c 0.338 0.007c 0.002c 
V35 0.151 0.036c 0.715 0.446 
V36 0.588 0.264 0.299 0.042c 
V37 0.141 0.761 0.874 0.379 
V38 0.894 0.211 0.578 0.504 
V39 0.541 0.626 0.766 0.867 
V40 0.494 0.220 0.606 0.043c 
V41 0.421 0.849 0.683 0.648 
V42 0.011c 0.819 0.880 0.256 
V43 0.015c 0.180 0.724 0.132 
V44 0.003c 0.713 0.744 0.040c 
V45 0.705 0.672 0.227 0.385 
V46 0.304 0.487 0.523 0.652 
V47 0.053 0.245 0.322 0.382 
V48 0.000c 0.994 0.571 0.337 
V49 0.053 0.610 0.813 0.458 
V50 0.311 0.524 0.409 0.181 
a: The numbering of values follows that in Figure 3.1. 
b: P1= residential building, P2= commercial building, P3= educational building; S1= responsible stakeholder, S2= 
impacted stakeholder, S3= interested stakeholder. 
c: The p-value is significant at 0.05 level (2-tailed). 
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Table 3.10. Results of Pairwise Comparison across Building Type 
Value a 
P-value of pairwise comparison across building type b 
P1/P2 P1/P3 P2/P3 
V17 0.099 1.000 0.006c 
V18 1.000 0.114 0.044c 
V19 0.922 0.556 0.040c 
V33 1.000 0.013c 0.212 
V34 0.319 0.001c 0.154 
V42 1.000 0.082 0.018c 
V43 1.000 0.183 0.017c 
V44 1.000 0.084 0.003c 
V48 0.005c 1.000 0.000c 
a: The numbering of values follows that in Figure 3.1. 
b: P1= residential building, P2= commercial building, P3= educational building. 
c: The p-value is significant at 0.05 level (2-tailed). 
 
 
Table 3.11. Results of Pairwise Comparison across Stakeholder Group in the Context of 
Residential Building 
Value a 
P-value of pairwise comparison across stakeholder groups b in the context of residential building 
S1/S2 S1/S3 S2/S3 
V6 0.003c 1.000 0.128 
V25 0.006c 1.000 0.037c 
V35 0.711 0.310 0.031c 
a: The numbering of values follows that in Figure 3.1. 
b: S1= responsible stakeholder, S2= impacted stakeholder, S3= interested stakeholder. 
c: The p-value is significant at 0.05 level (2-tailed). 
 
Table 3.12. Results of Pairwise Comparison across Stakeholder Group in the Context of 
Commercial Building 
Value a 
P-value of pairwise comparison across stakeholder groups b in the context of commercial building 
S1/S2 S1/S3 S2/S3 
V7 0.331 0.716 0.052 
V13 0.057 0.384 0.003c 
V14 0.139 1.000 0.076 
V15 0.070 1.000 0.029c 
V16 0.028c 1.000 0.053 
V33 0.024c 1.000 0.453 
V34 0.008c 1.000 0.081 
a: The numbering of values follows that in Figure 3.1. 
b: S1= responsible stakeholder, S2= impacted stakeholder, S3= interested stakeholder. 
c: The p-value is significant at 0.05 level (2-tailed). 
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Table 3.13. Results of Pairwise Comparison across Stakeholder Group in the Context of 
Educational Building 
Value a 
P-value of pairwise comparison across stakeholder groups b in the context of educational building 
S1/S2 S1/S3 S2/S3 
V1 0.003c 0.062 1.000 
V2 0.053 0.062 1.000 
V6 0.001c 0.520 0.212 
V12 0.300 0.003c 0.233 
V33 0.524 0.009c 0.283 
V34 0.026c 0.003c 1.000 
V36 0.040c 1.000 0.331 
V40 1.000 0.100 0.051 
V44 0.065 1.000 0.123 
a: The numbering of values follows that in Figure 3.1. 
b: S1= responsible stakeholder, S2= impacted stakeholder, S3= interested stakeholder. 
c: The p-value is significant at 0.05 level (2-tailed). 
 
3.6.6.1 Differences in the Rankings of Values Across Different Building Types 
As shown in Table 3.5 and Table 3.9, respondents ranked values differently across different types 
of buildings. These differences may be attributed to a variety of factors including differences in 
building development goals, building functional and performance requirements, building 
environments, and stakeholder concerns across different types of building.  For example, as shown 
in Table 3.5 and Table 3.10, building aesthetics (V17) and landscaping aesthetics (V18) were rated 
higher for commercial buildings than for educational buildings. In the post survey interviews with 
commercial building stakeholders, they stressed that aesthetics of a commercial building are key 
in creating a positive corporate identity or image. Anti-theft (V33) and anti-burglary (V34) were 
rated significantly higher for residential buildings, while lower for educational and commercial 
buildings. According to the latest property crime report by the Federal Bureau of Investigation 
(FBI 2012), 74.5% of all burglary offenses in the United States occurred at residential properties; 
around 1.4 million residential burglaries were reported in 2012. However, only 17% of the homes 
in the United States have security systems installed (ASR 2014). Industry professionals and 
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researchers (e.g., Zhao and Ye 2008; ASR 2014) have, thus, been calling for the development and 
installation of intelligent and reliable residential security systems for a more secure built 
environment.  Revenue increase (V42), tax benefit (V43), and marketability (V44) were rated 
significantly higher for commercial buildings than for educational buildings. In the post survey 
interviews, stakeholders highlighted that financial values are more important for commercial 
buildings – than for non-profit educational buildings for example – because commercial buildings 
are developed primarily for capital gains, rental income, etc. For local business improvement 
(V48), there is a significant difference between (1) commercial buildings and residential buildings, 
and (2) commercial buildings and educational buildings. In the post survey interviews, one 
residential building end-user expressed that he does not value business development in a residential 
setting because he preferred a quiet and peaceful living environment. While business development 
promotes a prosperous commercial environment and offers opportunities for commercial building 
stakeholders, it may also lead to commercial noise and traffic congestion (Ealing Council 2014), 
which are usually main concerns for both residential and educational building end-users (Zhang 
and El-Gohary 2015).   
3.6.6.2 Differences in the Rankings of Values Across Stakeholder Groups  
As shown in Table 3.6 and Table 3.9, different stakeholder groups rated the values differently. 
These differences may be attributed to the different levels of concerns, needs, interests, 
preferences, and/or sense of responsibility across different types of stakeholders (Zhang and El-
Gohary 2015).  
In the context of residential buildings, there is no significant difference in the rankings of the values 
across the three stakeholder groups except for noise pollution prevention (V6), earthquake 
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resistance (V25), and anti-vandalism (V35). All three values were rated significantly higher by 
impacted stakeholders in comparison to responsible and interested stakeholders. Impacted 
stakeholders attached significantly higher importance to these values because of the damage, 
disturbance, and insecure feelings caused by earthquake, noise, and vandalism. It is estimated that 
a major earthquake in a highly populated area of the U.S. could cause approximately $200 billion 
in losses, where most casualties and injuries result from collapsing buildings (FEMA 2014). Noise 
pollution, including noise caused by construction activities, road traffic, and neighborhood noise, 
adversely affects the lives of millions of people (U.S.EPA 2014), especially building end-users. 
Research has shown the direct links between noise and occupant health problems, such as hearing 
impairment, low productivity, sleep disruption, and mental disease (WHO 1999). Building 
property vandalism (e.g., graffiti, broken window, and vehicle damage) poses a threat to building 
occupants and local community, reduces property values, and diminishes people’s quality of life. 
It is also associated with high cost in maintenance and repair. For example, the Chicago City 
Council budgeted $6.5 million in 2006 only for the removal of unauthorized graffiti (GH 2014, 
Zhang and El-Gohary 2015).   
In the context of commercial buildings, the following values were ranked significantly differently 
across stakeholder groups: wetland preservation (V13), forest preservation (V15), biodiversity 
enhancement (V16), anti-theft (V33), and anti-burglary (V34). Impacted stakeholders attached 
lower importance to wetland preservation, forest preservation, and biodiversity enhancement 
compared to interested and responsible stakeholder. In a post survey interview, a respondent 
explained that impacted stakeholders tend to attach lower importance to ecological preservation 
values in commercial building development settings because commercial buildings are usually 
developed in highly developed commercial areas, which are ecologically less sensitive than 
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greenfield sites. For building security values, such as anti-theft and anti-burglary, impacted 
stakeholders rated them significantly higher than responsible stakeholders. This result is consistent 
with a research study (Bluyssen 2009) that shows, based on Maslow’s Hierarchy of Needs, that 
security needs are the second basic needs for building end-users (Zhang and El-Gohary 2015). 
In the context of educational buildings, the following values were ranked significantly differently 
across stakeholder groups: air pollution prevention (V1), noise pollution prevention (V6), habitat 
preservation (V12), anti-theft (V33), anti-burglary (V34), and building accessibility (V36). 
Impacted stakeholders attached higher significance to air pollution prevention, noise pollution 
prevention, anti-theft, and anti-burglary compared to responsible and interested stakeholders. 
Interested stakeholders attached higher importance to habitat preservation compared to responsible 
and impacted stakeholders. As per previous discussions in the thesis, these differences could be 
attributed to the different types/levels of concerns by different groups of stakeholders. Responsible 
stakeholders attached significantly higher importance to building accessibility compared to 
impacted stakeholders. Responsible stakeholders are required to ensure compliance with 
regulatory requirements for building accessibility, such as Americans with Disabilities Act (ADA) 
standards (NIBS 2013). During a post survey interview, a designer stressed that building 
accessibility is one of the most critical values in building design because it requires careful 
planning and integration of safety, acoustical performance, lighting performance, material 
selection, and even aesthetics. For example, the use of cobblestone pavement with uneven surface 
is aesthetically appealing, but results in unstable ground surfaces that are not accessible. For 
educational buildings, the importance of accessibility is, especially, reinforced by designers 
because accessibility is a prerequisite for facilitating inclusive schools that provide equal 
educational opportunities to all students (Ansley 2000, Zhang and El-Gohary 2015).   
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CHAPTER 4 - VALUATION: VALUE QUANTIFICATION AND VALUE 
AGGREGATION 
This chapter presents the completed work of Research Task #3-Valuation: Value Aggregation and 
Value Quantification. The following sections discuss the proposed axiology-based valuation 
approach, present the main valuation model, and then explain the value quantification and 
aggregation functions in more detail.  
4.1 Proposed Axiology-Based Valuation Approach  
In order to identify the main concepts in the proposed mathematical valuation model, the 
conceptual notions (features and concepts) of Hartman’s formal axiology and how these features 
and concepts require adaptation or changes to fit the context of building valuation were analyzed. 
The following points briefly summarize how the proposed model builds on, and adapts, some key 
notions in Hartman’s formal axiology. The main example from Hartman’s formal axiology (chair) 
and an example from the building domain (wall) are used to illustrate these points. 
 Properties of objects: Hartman’s axiology refers to object parts – such as the back of a chair or 
the seat of a chair – as properties. However, the back of a chair is actually a part of the chair 
instead of a property of the chair. In the proposed model, the concepts of part and property are 
clearly distinguished; and both the parts of a building (e.g., wall) and their associated properties 
(e.g., height, width, color, sound resistance, fire resistance, etc.) are defined and used in 
valuation.  
 Properties have goodness degrees: Hartman’s axiology refers to properties as existent or 
lacking (e.g., a good chair has a back, whereas a bad chair is lacking a back). However, this 
does not take the degrees of goodness of properties into account. It fails to address questions 
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such as: Is the back of the chair good or bad? Is the material of the back good or bad? If the 
material of the back is good, how good is it? The proposed model accounts for the degrees of 
goodness of properties in a specific valuation context; i.e., in order to determine the value 
(worth) of an object based on stakeholder values, the goodness degrees of the properties of that 
object in fulfilling these stakeholder values are modeled. For example, the value of the wall 
(an object) is determined based on the goodness degrees of thermal resistance, sound 
resistance, and fire resistance (properties) in fulfilling energy conservation, acoustic comfort, 
and fire safety (stakeholder values).   
 Measuring up against a standard: According to Hartman’s axiology, to measure the value of 
an object, one must get to know its properties, apply an ideal standard to it, and determine the 
degree to which these properties measure up against that ideal standard. In Hartman’s axiology, 
the measurement is defined in terms of comparing the number of actual properties to the 
number of ideal properties. In the proposed model, instead, a standard is applied to measure 
the goodness degrees of properties (e.g., recycled material) using indicators (e.g., material 
recycled content) and benchmarks of measure [e.g., Leadership in Energy and Environmental 
Design (LEED) rating system].  
 Properties have different significances to different valuations: Hartman’s formal axiology 
established the principle that each property of a thing is worth as much as the other, if they are 
all on the same level of abstraction (i.e., the same level in the concept tree). However, different 
properties may have different significances to different valuations. For example, color 
(property) is of less significance/importance than fire resistance (another property) when 
valuating how much a wall fulfills fire safety (stakeholder value). The proposed model 
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accounts for and measures such differences of significance through the concept of “property 
value significance”.   
 Value (worth) of an object is related to fulfillment of human values: Hartman’s axiology 
defined the value of an object only in terms of the richness of its properties. However, an object 
with rich properties may be of low value if these properties do not fulfill human values.  The 
proposed model defines the value of a building based on stakeholder values and how the 
properties of the building (and its parts) fulfill these stakeholder values.  
 Human factor in making value judgments: Although the key intent of Hartman’s axiology is 
to offer a science of how humans make choices or value judgments, the axiology does not 
explicitly capture that human factor in making value judgments (or valuations). The proposed 
model captures that human factor through the concept of “stakeholder value importance”.  
 Extrinsic, systemic, and intrinsic valuation: Hartman’s formal axiology introduced three basic 
dimensions (types) of value and valuation: extrinsic, systemic, and intrinsic valuation. The 
proposed model adapts Hartman’s three types of valuation to the context of building valuation.  
In the context of building valuation, both extrinsic and systemic valuation valuate a building 
(or a building object) based on how good its properties and physical integrations are in 
fulfilling each of the stakeholder values. Intrinsic valuation valuates a building (or a building 
object) based on personal stakeholder judgment in terms of aesthetical, emotional, or spiritual 
aspects.  
 Commensurability of values: Hartman’s axiology affirms that the three basic dimensions of 
value are commensurable – can be measured using a common scale (Dicken and Edward 2001). 
Such measurement, regardless of the valuation dimension, is based on the richness of 
properties – comparing the number of actual properties to the number of ideal properties. In 
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the proposed model, the values are commensurable, sharing a common scale – the “value 
fulfillment degree”. The commensurability of the various values is rooted in the 
commensurability of the goodness degrees of the properties that are used in value 
measurement, which share a common unitless scale – “property goodness degree”.  By 
admitting that values are commensurable, heterogeneous types of values can be compared, 
related to each other, and aggregated to determine the overall worth. Practically, this enables a 
systematic thinking and a rational comparison of value fulfilment across different design 
alternatives. 
 Parts and Whole: in Hartman’s axiology, the value (worth) of the whole is defined by 
comparing its actual number of parts (what Hartman called properties) to its ideal number of 
parts. In the proposed model, instead, the value (worth) of the whole depends on the properties 
of its individual parts, the importance of these individual parts, the goodness of the physical 
integrations (e.g., air leakage, shear force) among these parts, and the degrees of 
match/mismatch among these parts. 
4.2 Main Valuation Model  
Based on the preceding analysis, a main valuation model was developed by formally representing 
and defining the concepts and relations in the valuation of a building. The proposed main valuation 
model, showing the most abstract valuation concepts, is depicted in Figure 4.1 (a and b).  At the 
highest level of abstraction, a thing is a “stakeholder value”, a “value bearer”, a “worth”, a “value 
bearing property”, a “property indicator”, a “benchmark of measure”, a “property goodness 
degree”, a “property value significance”, a “value fulfillment degree”, an “object value 
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importance”, an “object integration goodness degree”, an “object value mismatch degree”, or a 
“stakeholder value importance”.  
A “stakeholder value” is a thing that is of worth, merit, or utility to a stakeholder (e.g., energy 
conservation). A “stakeholder value” could be an “environmental value”, a “social value”, or an 
“economic value”. A “value bearer” is an object (e.g., a building or a building component) that 
holds value. A “value bearer” could be a whole or a part. Wholes and parts are contextual. For 
example, an envelope system is a “part” of a building system, while it is the “whole” of an exterior 
wall system, a roofing system, and an exterior flooring system.  A value bearer hierarchy showing 
the hierarchal relations among the building systems, subsystems, and components is presented in 
Figure 4.2. The value bearer hierarchy was developed by benchmarking the work by different 
organizations and researchers in the AEC domain (e.g., Rush and Stubbs 1986; NIBS 2014; MIT 
2001; CSI 2016). A “value bearer” has one or more “value bearing properties” (e.g., thermal 
resistance, fire resistance, height) that determine its value. A “value bearing property” could be 
complex or simple. A “complex value bearing property” is a property that is assessed by a 
“property indicator”, such as thermal resistance (property) that is assessed by R-value (a property 
indicator). A “simple value bearing property”, on the other hand, is directly measured or assessed 
by tools or observation, such as height and color. A “value bearing property” could also be 
systemic, extrinsic, or intrinsic. A “systemic value bearing property” is a property that is either 
good or bad, such as combustibility (e.g., a door could be either combustible or non-combustible). 
An “extrinsic value bearing property” is a property that could be good, fair, bad, etc. – a property 
that has a spectrum of goodness degrees, such as energy consumption or lighting power. An 
“intrinsic value bearing property” is a property that its goodness is mostly assessed based on 
personal judgment in terms of aesthetical, emotional, or spiritual aspects, such as color or pattern. 
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A “benchmark of measure” is the yardstick against which a property indicator or a simple value 
bearing property is measured to define the goodness of the property. In the case of a “complex 
value bearing property”, the “property indicator” is measured against the “benchmark of measure”; 
whereas in the case of a “simply value bearing property”, the property is directly measured against 
the “benchmark of measure”.  A “benchmark of measure” could be norm-based or personalized. 
A “norm-based benchmark of measure” is a yardstick that is defined based on applicable norms 
such as regulations, standards, codes, or best practices [e.g., the International Building Code (IBC), 
the Americans with Disabilities Act (ADA) standards, the American Society of Heating, 
Refrigerating, and Air-Conditioning Engineers (ASHRAE) standards]. A “personalized 
benchmark of measure” is a yardstick that is defined based on personal stakeholder judgments or 
preferences. A “property goodness degree” is a numeric degree that defines how good or bad a 
property is in fulfilling a specific “stakeholder value”. A “property value significance” is a 
quantifiable measure of the importance or relevance of a specific property in fulfilling a specific 
“stakeholder value” for a specific “value bearer”. A “value fulfillment degree” is a numeric degree 
indicating how much a value is fulfilled. An “object value importance” is a quantifiable measure 
of the importance/relevance of a specific “value bearer (part)” of a “value bearer (whole)” in 
fulfilling a specific “stakeholder value”. An “object integration goodness degree” is a quantifiable 
measure of the goodness degree of physical integration among the “value bearers (parts)” of a 
“value bearer (whole)” in fulfilling a specific “stakeholder value”. An “object value mismatch 
degree” is a quantifiable measure of the degree of mismatches in “value fulfillment degrees” 
among the different “value bearers (parts)” of a “value bearer (whole)” in fulfilling a specific 
“stakeholder value”. A “stakeholder value importance” is the importance degree of a stakeholder 
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value to an individual stakeholder. A “worth” is a quantifiable amount of the value of the value 
bearer based on stakeholder value importances and value fulfillment degrees.  
As per Figure 4.1, each “function of” relation represents the mathematical function between the 
different valuation concepts. The details of the mathematical functions are discussed in the Value 
Quantification and Value Aggregation sections.  
Stakeholder 
Value
Stakeholder 
Value 
Importance
Value Fulfillment 
Degree
Worth
Complex Value 
Bearing Property
Value Bearer
(Part)
has
Property 
Value 
Significance
Property 
Goodness 
Degree 
Benchmark of 
Measure
Property 
Indicator
is_valuated_based_on
has
has
is_ assessed_by
function_
of
has
measures_
againstSimple Value 
Bearing Property
could_be 
function_
of
Value Bearing 
Property
data type concept object type concept
is
_
v
a
lu
a
te
d
_
b
a
s
e
d
_
o
n
is-a relationshipnon-hierarchal 
relationship
has
hasfunction_
of
 
(a) 
Value Fulfillment 
Degree (Part)
Value Fulfillment 
Degree (Whole)
Value Bearer
(Part)
has
Data type concept Object type concept
Object Value 
Importance
Object 
Integration 
Goodness 
Degree
function_ofhas
has
Object Value 
Mismatch 
Degree
Worth 
(Part)
Worth 
(Whole)
Value Bearer
(Whole)
fu
n
ct
io
n
_
o
f
function_
of
function_
of
Stakeholder 
Value
Stakeholder 
Value 
Importance
function_ofhas
has function_of
has
In
te
ra
c
t
s
_
w
ith
has
has
Part-of relationship
Non-hierarchal 
relationship
 
(b) 
Figure 4.1. Upper-level Valuation Model  
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Figure 4.2. Value Bearer Hierarchy (Zhang and El-Gohary 2016) 
 
4.3 Value Quantification Submodel (Functions) 
Value quantification aims to quantify the degree that a building object fulfills one specific 
stakeholder value. This section discusses the process and functions (equations) of value 
quantification. The process includes four primary steps: identifying and selecting property 
indicators (PIs), calculating property goodness degrees (PGDs), determining property value 
significances (PVSs), and calculating value fulfillment degrees (VFDs).  
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4.3.1 Property Indicator (PI) Identification and Selection  
The worth of a value bearer depends on the properties of that value bearer and how inherently 
good, fair, or bad these properties are.  A metric is, thus, required to assess such inherent property 
goodness. Indicators are typically used for assessment purposes. An indicator, in the proposed 
model, is a quantitative or qualitative measure for assessing the inherent goodness of a specific 
property.  In this model, in order to valuate a value bearer (e.g., wall, floor, ceiling) based on its 
value bearing properties, property indicators (PIs) are defined and used to assess how good or bad 
each complex value bearing property (CVBP) (e.g., material recycled content) is. A PI could be a 
function of one or more simple value bearing properties (SVBPs). For example, the percentage of 
waste recycled (PI) is used to assess the recycled construction waste (CVBP) of a floor (value 
bearer), and is a dividing function of the weight (or volume) of the recycled waste (SVBP) and the 
weight (or volume) of the generated construction waste (SVBP). A PI could also be directly 
defined through tests or measurements. For example, fire rating (PI) is used to assess fire resistance 
(CVBP) of a wall (value bearer), and is directly defined through a fire resistance test.  
There is an abundance of property indicators. However, existing indicators are obviously not all 
appropriate, and there is a risk that, without the application of well-defined selection principles, 
indicators will be selected in an arbitrary or ad-hoc manner. The following principles for PI 
selection were, thus, established and used:   
1. Relevance to valuation context: a PI should be relevant to the valuation context (e.g., building 
type). For example, to assess the hazardous materials (CVBP) of a residential building ceiling 
(value bearer) in fulfilling hazardous material elimination (stakeholder value), the amount of 
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mercury-containing products (PI) is not relevant in the context of residential building 
valuation.  
2. Reliability and scientific soundness: a PI should be reliable, which means it must be 
scientifically sound with validity and known accuracy.   
3. Data availability during valuation phase: data availability should be considered during the 
selection of PIs. For example, to assess the soil quality (CVBP) of a building site (value bearer) 
in fulfilling soil preservation (stakeholder value), if the valuation is conducted during the 
design phase, the following PIs should not be used because their data are not available during 
the design phase: postdevelopment soil PH value, postdevelopment soil organic matter content, 
and postdevelopment soil aggregate stability.  
4. Independence: the selected set of PIs should be independent – as much as possible – from each 
other. This will eliminate or reduce the possibility of over-counting certain properties or 
stakeholder values when conducting value quantification and aggregation.  
5. Understandability and easiness of implementation and interpretation: a PI and its associated 
calculations must be understandable and easily interpretable by users. Overly complex PIs 
might lead to confusion and might result in inaccurate outcomes.  
6. Limited number: for each property of a value bearer, a limited set of well-defined PIs should 
be selected and used. Using too many PIs has the potential risk of diluting the usefulness of 
individual PIs.  
A partial set of the identified PIs, which were selected based on these principles, is presented in 
Table 4.1. 
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Table 4.1. A Partial Set of Selected Property Indicators 
Stakeholder 
value 
Property (partial 
list) 
Property indicator (partial list) Unit 
Valuation 
type 
Reference 
Air pollution 
prevention 
1. Greenhouse 
gas emissions 
2. Air quality 
1. Amount of CO2 equivalent emissions 
2. Amount of air pollutants emissions 
(e.g., NOx, SOx, dust, particulate) 
1.tons/sf 
/year 
2.tons/sf 
/year 
Extrinsic 
valuation 
ISI 2014,  
iiSBE 2012, 
BRE 2012, 
Umich 2004 
Water pollution 
prevention 
1. Discharge rate  
2. Water quality 
1. Estimated stormwater runoff rates  
2. Amount of average total suspended 
solids load removal 
1. cf/s 
2. mg/L 
Extrinsic 
valuation 
USGBC 2009, 
BRE 2012 
Waste pollution 
prevention 
1. Waste 
generation 
2. Recycled 
waste 
1. Percentage of waste recycled or 
salvaged  
2. Amount of waste generated 
1. % 
2. lb/sf 
Extrinsic 
valuation 
ISI 2014, 
Umich 2004, 
USGBC 2008 
Land pollution 
prevention 
Land type 
Type of selected land (selecting either 
developed field or greenfield) 
N/A 
Systemic 
valuation 
USGBC 2009 
Light pollution 
prevention 
Lighting power Lighting power density W/sf 
Extrinsic 
valuation 
USGBC 2009 
Noise pollution 
prevention 
Noise Average noise level dB 
Extrinsic 
valuation 
BRE 2012 
Water 
conservation 
Water 
consumption 
Amount of potable water usage 
gallon/ 
sf/year 
Extrinsic 
valuation 
USGBC 2009, 
BRE 2012, 
Autodesk 2014 
Energy 
conservation 
1. Energy 
consumption 
2. Renewable 
energy 
contribution 
1. Amount of energy usage 
2. Percentage of renewable energy  
1.KWh/sf
/year 
2.% 
Extrinsic 
valuation 
USGBC 2009, 
iiSBE 2012, 
Autodesk 2014 
Material 
conservation 
1. Recycled 
material 
2. Reused 
material 
3. Rapidly 
renewable 
material    
4. Regional 
material 
1. Percentage of material containing 
recycled content 
2. Percentage of salvaged, refurbished, 
or reused material usage 
3. Percentage of rapidly renewable 
material usage 
4. Percentage of regional material 
usage 
1.% 
2.% 
3.% 
4.% 
Extrinsic 
valuation 
USGBC 2009, 
ISI 2014, 
Autodesk 2014 
Land 
conservation 
Property density Floor area ratio sf/acre 
Extrinsic 
valuation 
USGBC 2009, 
BRE 2012 
Habitat 
preservation  
Plant species 
richness 
Habitat performance score/change in 
plant species richness 
N/A 
Extrinsic 
valuation 
CIRIA 2003, 
BRE 2012 
Soil 
preservation 
Restored soil Percentage of disturbed soils restored % 
Extrinsic 
valuation 
iiSBE 2012,  
ISI 2013 
Biodiversity 
enhancement 
Biodiversity Score of impact on biodiversity N/A 
Extrinsic 
valuation 
CIRIA 2003 
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4.3.2 Property Goodness Degree (PGD) Function  
A property of a value bearer contributes to value fulfillment in varying degrees depending on how 
good this property is in a specific valuation context. The same property may have different degrees 
of goodness in fulfilling different human values; a property (e.g., material) could be good in 
fulfilling one value (e.g., material conservation) but bad in fulfilling another (e.g., fire safety). The 
goodness of a property in fulfilling a stakeholder value, thus, not only depends on the inherent 
goodness of the property itself (which is assessed using PIs), but also relies on how such goodness 
contributes to the fulfillment of that specific value. PI might thus be seen as a metric for 
independent property goodness, whereas PGD might be seen as a metric for value-dependent 
property goodness. Measuring such value-dependent goodness requires comparison of inherent 
goodness against some value-specific benchmark. The goodness of properties cannot, thus, be 
derived or understood solely based on PIs. The PIs should compare against well-defined 
benchmarks to provide meaningful or comparable information of the value-dependent property 
goodness. In this model, PGD is a function of PI/SVBP and benchmark of measure (BOM). It is a 
unit-free number defined by measuring PIs/SVBPs against BOMs. Since properties could be 
systemic, extrinsic, or intrinsic, their goodness could be assessed systemically, extrinsically, or 
intrinsically.  
Systemic property goodness assessment is a rigid goodness assessment that views property 
goodness as “black or white” – a property is either good or bad; it either meets or not meets the 
BOM. A systemic property goodness assessment, thus, results in a dichotomous PGD (either 1 or 
0). For example, the PGD of land type (SVBP) of a building (value bearer) in fulfilling land 
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pollution prevention (stakeholder value) is either 1 (if the developer selects a previously developed 
field for project development) or 0 (if the developer selects a greenfield).  
Extrinsic property goodness assessment is a flexible goodness assessment that views property 
goodness as a spectrum – a property is good, fair, bad, etc.; it has a spectrum of goodness in terms 
of how it measures up against a BOM. An extrinsic property goodness assessment, thus, results in 
a PGD between 0 and 1, which indicates how good the property is. Based on the nature of extrinsic 
property goodness assessment, which could be categorical or continuous, the PGD could be 
categorical or continuous. Categorical assessment offers a discrete classification of goodness. It is 
used when the measurement metric of the BOM is categorical. In this case, the PGD is represented 
using a discrete scale. For example, the metric of the BOM against which the flame spread class 
(PI) is measured for assessing the surface burning (CVBP) of a wall (value bearer) in fulfilling fire 
safety (stakeholder value) is categorical: Class A (lowest flame spread), Class B (medium flame 
spread), or Class C (highest flame spread). Accordingly, the PGD of surface burning could be 1, 
0.5, or 0. Continuous assessment offers a continuous spectrum of goodness. It is used when the 
measurement metric of the BOM is continuous. In this case, the PGD is represented using a 
continuous scale. Different continuous assessment functions are defined, depending on the type of 
assessment: max-best, min-best, or mid-best assessment. Accordingly, PGD is defined based on 
Eq. (4.1) to Eq. (4.3). 
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𝑃𝐺𝐷𝑎𝑖𝑗 = {
0                 𝑃𝐼𝑎𝑖𝑗 < 𝐵𝑂𝑀min 𝑖𝑗
𝑃𝐼𝑎𝑖𝑗−𝐵𝑂𝑀min 𝑖𝑗
𝐵𝑂𝑀max 𝑖𝑗−𝐵𝑂𝑀min 𝑖𝑗
  𝐵𝑂𝑀min 𝑖𝑗 ≤ 𝑃𝐼𝑎𝑖𝑗 < 𝐵𝑂𝑀max 𝑖𝑗
1                      𝑃𝐼𝑎𝑖𝑗 ≥ 𝐵𝑂𝑀max 𝑖𝑗  
                       (4.1) 
𝑃𝐺𝐷𝑎𝑖𝑗 = {
1                  𝑃𝐼𝑎𝑖𝑗 ≤ 𝐵𝑂𝑀min 𝑖𝑗
𝐵𝑂𝑀max 𝑖𝑗−𝑃𝐼𝑎𝑖𝑗
𝐵𝑂𝑀max 𝑖𝑗−𝐵𝑂𝑀min 𝑖𝑗
   𝐵𝑂𝑀min 𝑖𝑗 < 𝑃𝐼𝑎𝑖𝑗 ≤ 𝐵𝑂𝑀max 𝑖𝑗
0                     𝑃𝐼𝑎𝑖𝑗 > 𝐵𝑂𝑀max 𝑖𝑗  
                      (4.2) 
𝑃𝐺𝐷𝑎𝑖𝑗 =
{
  
 
  
 
0                                          𝑃𝐼𝑎𝑖𝑗 < 𝐵𝑂𝑀min 𝑖𝑗
𝑃𝐼𝑎𝑖𝑗−𝐵𝑂𝑀min𝑖𝑗
𝐵𝑂𝑀min 𝑖𝑗′−𝐵𝑂𝑀min𝑖𝑗
  𝐵𝑂𝑀min 𝑖𝑗 ≤ 𝑃𝐼𝑎𝑖𝑗 < 𝐵𝑂𝑀min 𝑖𝑗′
                   1                                           𝐵𝑂𝑀min 𝑖𝑗′ ≤ 𝑃𝐼𝑎𝑖𝑗 < 𝐵𝑂𝑀max 𝑖𝑗′ 
𝐵𝑂𝑀max 𝑖𝑗−𝑃𝐼𝑎𝑖𝑗
𝐵𝑂𝑀max 𝑖𝑗−𝐵𝑂𝑀max 𝑖𝑗′
    𝐵𝑂𝑀max 𝑖𝑗′ ≤ 𝑃𝐼𝑎𝑖𝑗 < 𝐵𝑂𝑀max𝑖𝑗
0                                           𝑃𝐼𝑎𝑖𝑗 ≥ 𝐵𝑂𝑀max 𝑖𝑗
  (4.3) 
 
where 𝑃𝐺𝐷𝑎𝑖𝑗  = property goodness degree of property i of value bearer (part) a in fulfilling 
stakeholder value j; 𝑃𝐼𝑎𝑖𝑗= property indicator of property i of value bearer (part) a in fulfilling 
stakeholder value j; 𝐵𝑂𝑀min 𝑖𝑗= minimum benchmark of measure of property i in fulfilling 
stakeholder value j; and 𝐵𝑂𝑀max 𝑖𝑗= maximum benchmark of measure of property i in fulfilling 
stakeholder value j.  
When conducting a max-best assessment (Eq. 4.1), the minimum benchmark represents the lowest 
degree of goodness, below which the property becomes totally bad; whereas the maximum 
benchmark represents a high enough degree of goodness, above which a property becomes “good-
enough”. Accordingly, (1) when the PI falls below the minimum benchmark, the PGD falls to 0; 
(2) when the PI falls within the range of minimum and maximum benchmarks, the PGD 
monotonically increases with the increase of the PI until reaching the maximum benchmark; and 
(3) when the PI reaches (or is above) the maximum benchmark, the PGD becomes at its maximum 
of 1. For example, the goodness of the low-emitting material (CVBP) of a ceiling (value bearer) 
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in fulfilling indoor air quality improvement (stakeholder value) can be assessed using max-best 
assessment, where a higher percentage of compliant low-emitting material (PI) indicates higher 
property goodness until it reaches 100% (maximum benchmark). 
When conducting a min-best assessment (Eq. 4.2), the minimum benchmark represents a high 
enough degree of goodness, below which a property becomes “good-enough”; whereas the 
maximum benchmark represents the lowest degree of goodness, above which the property 
becomes totally bad.  For example, the goodness of water consumption (CVBP) of a water closet 
(value bearer) in fulfilling water conservation (stakeholder value) can be assessed using min-best 
assessment, where a lower amount of water usage per flush (PI) indicates better water consumption 
until it falls at 1.28 gpf (minimum benchmark).   
When conducting mid-best assessment (Eq. 4.3), there is a certain range within which the property 
becomes “good enough”; when the PI falls within that range, the property is at its best. The 
goodness of the property decreases when the PI falls out of this range until it becomes totally bad 
– when the PI reaches the minimum or maximum benchmark (both representing the lowest degree 
of goodness). For example, the goodness of thermal comfort level (CVBP) of a living room (value 
bearer) in fulfilling thermal comfort (stakeholder value) can be assessed using mid-best 
assessment, where the thermal comfort level is the best when the air temperature is within a range 
of 69 °F to 73 °F (good enough range).  
When the PGD assessment is conduced based on SVBPs, the PIs in Eq. (4.1) to Eq. (4.3) are 
substituted with SVBPs.  
Intrinsic property goodness assessment is a flexible and personal goodness assessment that is 
conducted based on personal stakeholder judgment in terms of aesthetical, emotional, or spiritual 
 96 
 
 
aspects. Stakeholders can directly assign PGDs between 0 and 1 based on their personal judgments 
of the goodness degrees of the PIs/SVBPs. For example, a stakeholder can directly assign a PGD 
of 1 to a white interior wall color if white is his/her favorite color for a wall.  
4.3.3 Property Value Significance (PVS) Determination 
Different properties of a value bearer have different significances in fulfilling the same stakeholder 
value; different properties have different degrees of relevance in the same valuation context and 
have different degrees of influence on fulfilling the same human value. A property is only 
significant if it can contribute, positively or negatively, to value fulfillment. For example, low-
emission material (CVBP) of a wall (value bearer) is of no significance in fulfilling acoustic 
comfort (stakeholder value) – it has no impact on fulfilling or not fulfilling acoustic comfort. The 
relative significances of properties in valuation are represented through the concept property value 
significance (PVS). PVS is a quantifiable measure that represents the significance, importance, or 
relevance of a specific property of a specific value bearer in fulfilling a specific stakeholder value. 
PVSs could be determined extrinsically and/or intrinsically.   
Extrinsic PVS determination is a flexible and objective PVS determination based on norms, 
relative impacts of the property, expert opinion, etc. Selecting which approach to use for extrinsic 
PVS determination depends on the type of property, the type of PVS, and the availability of data. 
Using a norm-based approach, PVS is determined based on weightings prescribed in applicable 
norms, such as standards, advisory practices, rating systems [e.g., LEED, Building Research 
Establishment Environmental Assessment Methodology (BREEAM)]. For example, the PVS of 
recycled material, reused material, and regional material (CVBPs) of a wall (value bearer) in 
fulfilling material conservation (stakeholder value) can be directly obtained from LEED, which 
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uses “credit weighting” to represent the point allocation between different credit categories. The 
LEED credit weightings for “material reuse”, “recycled content”, and “regional materials” are 
equal (2 points for each) (USGBC 2009).  Accordingly, the three properties are assigned equal 
PVSs of 0.33 (after normalization). Because norm-based data are well-established by an authority 
or advisory body, a norm-based approach is preferred for PVS determination, if relevant norm-
based data (e.g., point weightings) are available. Other approaches should be used when such data 
are not available.  
Using an impact-based approach, PVS is determined by evaluating the potential impacts of each 
property with respect to a set of impact categories. For example, the disability adjusted life years 
(DALY) weighting (Blanc et al. 2008) can be used to determine the significance of environmental-
related properties (e.g., air pollutant emissions) of a value bearer in fulfilling environmental values 
(e.g., air pollution prevention) by assessing their potential impacts on human health using existing 
assessment tools (e.g., IMPACT 2002+). For example, particulate matter (PM) emissions (CVBP) 
of a building (value bearer) affect human health more severely than lead emissions (CVBP) (Blanc 
et al. 2008) and, thus, have a higher PVS (0.98) than that of lead emissions (0.02).  
Using an expert-based approach (e.g., expert survey, expert interview), PVS is determined based 
on expert opinion. It is a suitable approach to use when norm-based data are not available or when 
it is difficult to assess the potential impacts of the properties. For example, the PVS of sound 
resistance and sound absorption (CVBP) of a wall (value bearer) in fulfilling acoustic comfort 
(stakeholder value) can be determined by soliciting expert opinion using a budget allocation 
process. In a budget allocation process, for determining the PVSs a set of properties of a value 
bearer in fulfilling a specific stakeholder value, an expert would be asked to allocate a “budget” of 
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one hundred points to the individual properties in the property set, based on their expert judgment 
of the relative PVSs of the respective properties. To ensure objectivity and correctness in PVS 
determination, it is important to select experts with knowledge and expertise in the specific 
technical domain related to the type of value bearer and the type of stakeholder value (e.g., 
expertise in acoustic performance of buildings).  
Intrinsic PVS determination is a flexible and personal PVS determination that is conducted based 
on personal stakeholder judgment in terms of aesthetical, emotional, or spiritual aspects. For 
example, the significance of the pattern (SVBP) of an interior floor (value bearer) in fulfilling 
building aesthetics (stakeholder value) is determined based on the personal opinions of the 
stakeholders. Similar to intrinsic property goodness assessment, a stakeholder can directly assign 
a numerical number between 0 to 1 to a PVS based on his/her personal judgment of the 
significance, importance, or relevance of the property of the value bearer in fulfilling his/her own 
stakeholder value.   
Using these approaches, PVSs are normalized into numerical numbers between 0 and 1, using Eq. 
(4.4):  
𝑃𝑉𝑆𝑖𝑗 =
𝑃𝑉𝑆𝑖𝑗
′
∑ 𝑃𝑉𝑆𝑖𝑗
′𝑛
𝑖=1
                                                                (4.4) 
where 𝑃𝑉𝑆′𝑖𝑗 = the pre-normalized property value significance of property i in fulfilling 
stakeholder value j; n = total number of properties in fulfilling stakeholder value j; and 𝑃𝑉𝑆𝑖𝑗= the 
normalized property value significance of property i in fulfilling stakeholder value j. 
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4.3.4 Value Fulfillment Degree (VFD) Function  
Different properties of the same value bearer contribute to the fulfillment of the same stakeholder 
value in varying degrees depending on the goodness degrees of the properties and the significances 
of the properties in fulfilling this particular value. Collectively, then, all properties of one value 
bearer “work together” in fulfilling a specific value.  Among such set of properties, some properties 
– the “highly good properties” – may, in addition, contribute to value fulfillment in extra high 
degrees. A “highly good” property (e.g., net-zero energy consumption), in comparison to just a 
“good” property (e.g., low energy consumption), contributes to the fulfillment of a stakeholder 
value in an extra value-adding degree. The proposed VFD function aims to capture the degree of 
value fulfillment taking both – the collective contribution of all properties and the special 
contribution of highly good properties – into account. The VFD function is, thus, composed of two 
subfunctions: a property goodness aggregation (PGA) function that aggregates the PGDs and PVSs 
of individual properties, and a high property goodness (HPG) function that rewards states of high 
property goodness.   
The PGA function aggregates the PGDs and PVSs of individual properties to define how much a 
stakeholder value is fulfilled by these properties. It uses simple additive weighting, which is a type 
of aggregate function-based MADM method that allows for compensability among criteria during 
aggregation (OECD 2008, Andresen 2000). Simple additive weighting is suitable for value 
fulfillment quantification for three reasons. First, when aggregating PGDs and PVSs for individual 
properties to define the VFD of a stakeholder value, properties of one value bearer are 
compensatory in value fulfillment. For example, for fulfilling material conservation (stakeholder 
value), a floor (value bearer) with a small amount of recycled material (CVBP) can be compensated 
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with a large amount of reused material (another CVBP). Permitting compensability among the 
properties of one value bearer in fulfilling a specific value allows for the badness of one property 
to be offset by the goodness of another. This provides an opportunity to explore alternative ways 
to value fulfillment. Second, in comparison to outranking methods, simple additive weighting is 
able to provide an aggregated VFD (numerical number) for each value bearer, instead of only a 
ranking of alternative value bearers. This allows further aggregation of the VFDs and for valuating 
a value bearer irrespective of the existence of other alternatives. Third, research shows that simple 
additive weighting yields “extremely close approximations” to other non-linear aggregate value 
function-based methods (e.g., generalized means) while remaining easier to understand (Andresen 
2000).   
The HPG function rewards states of HPG because of its extra high contribution to the fulfillment 
of stakeholder values. When calculating the degree of value fulfillment during valuation, the aim 
is to find a good/satisfactory overall state of the aggregated value bearing properties based on the 
goodness degrees and value significances of the individual properties. This is analogous with 
social welfare assessment, which uses a social welfare function as a measure of the aggregated 
well-being (the good or satisfactory state) of a group based on the allocation of requisites among 
the individuals of that group (Feldman and Serrano 2006). However, unlike social welfare 
assessment in which states of poverty are undesirable (and thus penalized), in value assessment 
states of “wealth” [i.e., states of high goodness of individual properties (“highly good properties”) 
such as net-zero energy consumption] are valued (and thus rewarded). While “highly bad 
properties” (e.g., 15 min fire rating) are also undesirable (not valued) during valuation, such states 
of badness are already eliminated during regulatory compliance assessment.  As such, for defining 
VFD, two lines are established: “high property goodness (HPG) line” and “high property badness 
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(HPB) line”. The HPG line represents the state of high goodness for a property, and is above the 
minimum benchmark and below the maximum benchmark. When the PGD of a property is at or 
above the HPG line, such property contributes to the fulfillment of a stakeholder value in an extra 
high degree. The HPB line represents the state of the property being highly bad and is usually at 
or below the minimum benchmark established by regulatory requirements. An HPB line is, thus, 
unnecessary in well-regulated societies that establish minimum requirements in the form of 
regulations, codes, standards, etc.  
The HPG line could be assessed extrinsically or intrinsically. A systemic property cannot have 
HPG states because it could only be either good or bad. Similar to extrinsic property goodness 
assessment, extrinsic HPG line assessment assesses the state of high goodness in terms of how it 
measures up against a BOM, which could be categorical or continuous depending on the 
measurement metric of the BOM. Using categorical assessment, the HPG line is assessed based 
on a discrete scale.  Using continuous assessment, the HPG line is defined based on Eq. (4.5) to 
Eq. (4.7), which are used for max-best, min-best, and mid-best assessment, respectively. 
𝐻𝑃𝐺𝐿𝑖𝑗 =
𝐻𝐺𝐵𝑂𝑀𝑖𝑗−𝐵𝑂𝑀min 𝑖𝑗
𝐵𝑂𝑀max 𝑖𝑗−𝐵𝑂𝑀min 𝑖𝑗
   𝐵𝑂𝑀min 𝑖𝑗 ≤ 𝐻𝐺𝐵𝑂𝑀𝑖𝑗 < 𝐵𝑂𝑀max𝑖𝑗                  (4.5) 
𝐻𝑃𝐺𝐿𝑖𝑗 =
𝐵𝑂𝑀max 𝑖𝑗−𝐻𝐺𝐵𝑂𝑀𝑖𝑗
𝐵𝑂𝑀max 𝑖𝑗−𝐵𝑂𝑀min 𝑖𝑗
   𝐵𝑂𝑀min 𝑖𝑗 < 𝐻𝐺𝐵𝑂𝑀𝑖𝑗 ≤ 𝐵𝑂𝑀max𝑖𝑗                 (4.6) 
𝐻𝑃𝐺𝐿𝑖𝑗 = {
𝐻𝐺𝐵𝑂𝑀𝑖𝑗𝑘−𝐵𝑂𝑀min𝑖𝑗
𝐵𝑂𝑀min 𝑖𝑗′−𝐵𝑂𝑀min 𝑖𝑗
    𝐵𝑂𝑀min 𝑖𝑗 ≤ 𝐻𝐺𝐵𝑂𝑀𝑖𝑗 < 𝐵𝑂𝑀min 𝑖𝑗′
𝐵𝑂𝑀max 𝑖𝑗−𝐻𝐺𝐵𝑂𝑀𝑖𝑗
𝐵𝑂𝑀max 𝑖𝑗−𝐵𝑂𝑀max 𝑖𝑗′
    𝐵𝑂𝑀max𝑖𝑗′ ≤ 𝐻𝐺𝐵𝑂𝑀𝑖𝑗 < 𝐵𝑂𝑀max 𝑖𝑗
                 (4.7) 
where 𝐻𝑃𝐺𝐿𝑖𝑗  = high property goodness line of property i in fulfilling stakeholder value j; 
𝐻𝐺𝐵𝑂𝑀𝑖𝑗= high goodness benchmark of measure of property i in fulfilling stakeholder value j; 
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𝐵𝑂𝑀min 𝑖𝑗= minimum benchmark of measure of property i in fulfilling stakeholder value j; and 
𝐵𝑂𝑀max 𝑖𝑗= maximum benchmark of measure of property i in fulfilling stakeholder value j.   
Similar to intrinsic property goodness assessment, intrinsic HPG line assessment is a flexible and 
personal highly goodness assessment that is conducted based on personal stakeholder judgment in 
terms of aesthetical, emotional, or spiritual aspects. 
The HPG function is a measure of the extent of high goodness in the set of properties of a value 
bearer. The function estimates the degree of HPG in the whole set of properties by considering 
how far each PGD is above the HPG line. HPG is then rewarded by the HPG function, using a 
coefficient α, because of its higher contribution to the fulfillment of stakeholder values. The 
coefficient α defines the extent of rewarding HPG; and is a numerical number between 0 and 1. 
An α of 1 represents a full extent of reward, while an α of 0 represents no reward at all.  
The VFD function is an addition of the PGA function (which ranges from 0 to 1) and the HPG 
function (which ranges from 0 to 1), thereby making the HPG acting as an “extra bonus”. The 
VFD function is defined in Eq. (4.8):  
𝑉𝐹𝐷𝑗𝑎 = ∑ 𝑃𝐺𝐷𝑎𝑖𝑗
𝑛
𝑖=1 ×𝑃𝑉𝑆𝑖𝑗 + 𝑎∑ 𝑃𝑉𝑆𝑖𝑗×𝑚𝑎𝑥[0, (𝑃𝐺𝐷𝑎𝑖𝑗 − 𝐻𝑃𝐺𝐿𝑖𝑗)]
𝑛
𝑖=1      (4.8) 
where 𝑉𝐹𝐷𝑗𝑎= value fulfillment degree of  stakeholder value j by value bearer (part) a; n = total 
number of properties that contribute in fulfilling stakeholder value j; 𝑃𝐺𝐷𝑎𝑖𝑗= property goodness 
degree of property i of value bearer (part) a in fulfilling stakeholder value j; 𝑃𝑉𝑆𝑖𝑗= property value 
significance of property i in fulfilling stakeholder value j; 𝑎 = a coefficient for rewarding highly 
good properties; and 𝐻𝑃𝐺𝐿𝑖𝑗  = high property goodness line of property i in fulfilling stakeholder 
value j. 
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4.4 Object Value Aggregation Submodel (Functions)  
Object value aggregation aims to aggregate the degrees that individual building objects (e.g., wall, 
door) fulfill a stakeholder value to define the degree that the whole building fulfills that stakeholder 
value. This section discusses the process and functions (equations) of object value aggregation. 
The process includes four main steps: determining object value importances (OVIs), assessing 
object integration goodness degrees (OIGDs), determining object value mismatch degrees 
(OVMDs), and calculating value fulfillment degree (VFD) of the whole.  
4.4.1 Object Value Importance (OVI) Determination 
Different parts of a whole (value bearer) may have different importances in fulfilling the same 
stakeholder value. For example, the importances of the wall (part) and the window (part) of an 
envelope system (whole) in fulfilling energy conservation may be different. Similarly, the same 
part may have different importances in fulfilling different stakeholder values. For example, the 
importance of a door (part) in fulfilling fire safety (stakeholder value) may be different than the 
importance of that door (part) in fulfilling thermal comfort (stakeholder value). The importance, 
significance, or relevance of a part (i.e., building subsystems or components) of a whole (i.e., a 
whole building system or supersystems) in fulfilling a specific stakeholder value is represented 
through the concept object value importance (OVI). OVIs not only depend on the types of value 
bearers but also depend on the types of stakeholder values to be fulfilled by the value bearers. 
OVIs could be determined extrinsically and/or intrinsically (Zhang and El-Gohary 2016).   
Extrinsic OVI determination is a flexible and objective OVI determination based on norms, 
quantity, cost, consumption, emissions, or expert opinion. Selecting which approach to use for 
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extrinsic OVI determination depends on the type of value bearer, the type of stakeholder value to 
fulfill, and the availability of data (Zhang and El-Gohary 2016).  
Using a norm-based approach, OVIs are determined based on weightings embedded in applicable 
norms, such as standards, advisory practices, rating systems [e.g., LEED, Building Research 
Establishment Environmental Assessment Methodology (BREEAM), Comprehensive Assessment 
System for Built Environment Efficiency (CASBEE)]. For example, the OVIs of the interior 
flooring system, the ceiling system, and the interior wall system (parts) – of an interior system 
(whole) in fulfilling indoor air quality improvement (stakeholder value) – can be directly obtained 
from LEED, which uses credit weighting to represent the point allocation among different credit 
categories. The LEED credit weightings for the low emitting materials of the flooring system, the 
ceiling system, and the wall system are equal (1 point for each) (USGBC 2009). Accordingly, the 
three parts are assigned equal OVIs of 0.33 (after normalization). Because norm-based data are 
well-established by an authority or advisory body, a norm-based approach is preferred for OVI 
determination, if relevant norm-based data (e.g., score/point weightings) are available. Other 
approaches should be used when such data are not available (Zhang and El-Gohary 2016).  
Using a quantity-based approach, OVIs are determined based on the quantities of the building 
parts. The OVI of each part is calculated as a ratio of the quantity of that part to the quantity of the 
whole. The quantity-based approach is appropriate for object value aggregation based on material-
related stakeholder values such as material conservation and hazardous material elimination, 
which usually require quantity take-off. For example, the OVIs of  the exterior flooring system, 
the roofing system, and the exterior wall system (parts) – of an envelope system (whole) in 
fulfilling material conservation (stakeholder value) – can be determined by calculating the ratios 
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of the quantities of the exterior flooring, the roofing, and the exterior wall systems to the quantity 
of the whole envelope system (Zhang and El-Gohary 2016).  
Similar to the quantity-based approach, a cost-based approach determines OVIs based on the costs 
of the building parts. The OVI of each part is calculated as a ratio of the cost of the part to the cost 
of the whole. The cost-based approach is suitable to use when aggregating object values (worths) 
based on financial values such as cost saving and revenue increase.  For example, the OVIs of the 
structural system, the envelope system, and the interior system (parts) – of a building (whole) in 
fulfilling cost saving (stakeholder value) – can be determined by calculating the ratios of the costs 
of the structural, the envelope, and the interior systems to the cost of the whole building (Zhang 
and El-Gohary 2016).   
Using a consumption-based approach, OVIs are determined based on the consumption of resources 
by building parts. The OVI of each part is calculated as a ratio of the consumption of the part to 
the consumption of the whole. The consumption-based approach is suitable to use when 
aggregating object values (worths) based on resource conservation values such as energy 
conservation and water conservation. For example, the OVIs of the interior lighting system and 
the vertical transportation system (part) – of an electrical system (whole) in fulfilling energy 
conservation (stakeholder value) – can be determined by calculating the ratios of the electrical 
consumption of the interior lighting system and the vertical transportation system  to the electrical 
consumption of the whole electrical system (Zhang and El-Gohary 2016).  
Similar to the consumption-based approach, using an emission-based approach, OVIs are 
determined based on the emissions of the building parts. The OVI of each part is calculated as a 
ratio of the emissions of the part to the emissions of the whole. The emission-based approach is 
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appropriate for object value aggregation based on pollution prevention values such as air pollution 
prevention and water pollution prevention. For example, the OVIs of the sanitary sewer system 
and the stormwater system – of a plumbing system (whole) in fulfilling water pollution prevention 
(stakeholder value) – can be determined by calculating the ratios of the waste water emissions of 
the sanitary sewer system and the stormwater system  to the waste water emissions of the whole 
plumbing system (Zhang and El-Gohary 2016).  
Using an expert-based approach, OVIs are determined based on expert opinion.  It is a suitable 
approach to use when norm-based data are not available or when the cost-based, quantity-based, 
consumption-based, and emission-based approaches are not appropriate to use.  For example, the 
OVIs of the interior wall system, the interior floor system, and the ceiling system (parts) – of an 
interior system (whole) in fulfilling acoustic comfort (stakeholder value) – can be determined by 
soliciting expert opinion using a budget allocation process (BAP). In BAP, an expert is asked to 
allocate a “budget” of one hundred points to the individual parts, based on their expert judgment 
of the relative OVIs of the respective parts in fulfilling a specific stakeholder value. To ensure 
objectivity and correctness in OVI determination, it is important to select experts with knowledge 
and expertise in the specific technical domain related to the type of value bearer and the type of 
stakeholder value, such as expertise in acoustic performance of buildings (Zhang and El-Gohary 
2016).  
Intrinsic OVI determination is a flexible and personal OVI determination that is conducted based 
on personal stakeholder judgment in terms of aesthetical, emotional, or spiritual aspects. For 
example, the OVIs of the roofing system, the exterior wall system, and the fenestration system 
(parts) – of a building (whole) in fulfilling aesthetics (stakeholder value) – are determined based 
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on the personal opinion of stakeholders. A stakeholder can directly assign a numerical number 
from 0 to 1 to the OVI of a part (e.g., curtain wall system) based on his/her personal judgment of 
the significance, importance, or relevance of that part in fulfilling aesthetics (Zhang and El-Gohary 
2016).   
Using these approaches, OVIs are normalized into a numerical number that ranges from 0 to 1, 
using Eq. (4.9).   
𝑂𝑉𝐼𝑗𝑎𝑘 =
𝑂𝑉𝐼𝑗𝑎𝑘
′
∑ 𝑂𝑉𝐼𝑗𝑎𝑘
′𝑛
𝑎=1
                                                           (4.9) 
where 𝑂𝑉𝐼′𝑗𝑎𝑘= pre-normalized object value importance of value bearer (part) a (of whole k) in 
fulfilling stakeholder value j; n = total number of value bearers (parts) (of whole k) that fulfill 
stakeholder value j; and 𝑂𝑉𝐼𝑗𝑎𝑘= normalized object value importance of value bearer (part) a (of 
whole k) in fulfilling stakeholder value j (Zhang and El-Gohary 2016). 
4.4.2 Object Integration Goodness Degree (OIGD) Assessment Process and Function  
The physical integrations among the different parts of a whole contribute to value fulfillment in 
varying degrees depending on how good the integration is in a specific valuation context. The 
same integration among the same parts could have different degrees of goodness in fulfilling 
different stakeholder values. For example, the same integration among the fenestration system and 
the exterior wall system (parts) of an envelope system (whole) could have a low degree of goodness 
in fulfilling energy conservation, but have a high degree of goodness in fulfilling daylight and 
views improvement (stakeholder value). The varying extents of integration goodness are 
represented through the concept object integration goodness degree (OIGD). OIGD is a 
quantifiable measure that represents the goodness degree of the integration among the parts of a 
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whole in fulfilling a specific stakeholder value. Two-part, three-part, or multi-part combinations 
can be conceived of as collections of two-part combinations (Rush and Stubbs 1986). Thus, to 
reduce the total number of possible combinations to a reasonable number, only OIGDs between 
each pair of parts are investigated. Assessing the OIGDs for the various pairs of integrated parts 
depends on the types of the parts, the types of the stakeholder values to be fulfilled by the parts, 
and the types of integration among the parts (Zhang and El-Gohary 2016).  
In order to assess the OIGDs between the parts, first, the types of integration between the parts 
need to be defined: connected, meshed, remote, touching, or unified (see Integration Theory-based 
Approach Section). For example, in fulfilling acoustic comfort (stakeholder value), the envelope 
system and the interior system are connected, the envelope system and the mechanical system are 
meshed, and the interior system and the mechanical system are touching. When the integration 
level between the two parts is remote or touching, there is no degree of integration. Remote and 
touching are the first two levels of integration, which require the least physical coordination or 
reliance between the two integrated subsystems (or components). When the integration level 
between the two parts is connected or meshed, their degree of integration is a spectrum, which can 
be bad, fair, or good. These levels of integration require coordination or reliance between the 
integrated subsystems (or components). When the integration level between the two parts is 
unified, there is no degree of integration between them. At this level, the building subsystems (or 
components) are integrated to the point that each shares the physical form of the other and is no 
longer distinct from each other and are, therefore, considered as one system (or component) in 
object value aggregation (Zhang and El-Gohary 2016). 
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Systemic object integration goodness assessment is a rigid assessment that views integration 
goodness as “black or white” – integration is either good or bad; it either meets or not meets the 
benchmarks of measure (BOMs). A systemic assessment, thus, results in a dichotomous OIGD 
(either 1 or 0). For example, the OIGD between the landscape system and the irrigation system 
(parts) – of a site and landscape system (whole) in fulfilling water conservation (stakeholder value) 
– is either 1 (the developer selects an appropriate irrigation system based on the species of the 
landscape) or 0 (the developer does not select an appropriate irrigation system based on the species 
of the landscape) (Zhang and El-Gohary 2016).  
Extrinsic object integration goodness assessment is a flexible and objective assessment based on 
integration indicators. Using indicator-based assessment, OIGDs are assessed based on comparing 
object integration indicators (OIIs) against well-defined BOMs. OIGD is, thus, a function of OII 
and BOM. It is a unit-free number defined by measuring OII against BOM. Based on the 
measurement metric of the OII and/or the BOM, the OIGD can be assessed categorically or 
continuously (Zhang and El-Gohary 2016).  
A categorical object integration goodness assessment offers a discrete classification of integration 
goodness, where OIGD is represented using a discrete scale. For example, the OIGD between the 
exterior wall system and the roofing system (parts) – of an envelope system (whole) in fulfilling 
fire safety (stakeholder value) – can be assessed based on the fire rating of the joints (OII), which 
has four categories: 1 hour, 2 hour, 3 hour, and 4 hour fire ratings. Accordingly, the OIGD could 
be 0, 0.33, 0.67, or 1 (Zhang and El-Gohary 2016).  
A continuous object integration assessment offers a continuous spectrum of integration goodness, 
where OIGD is represented using a continuous scale. Different continuous OIGD assessment 
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functions are defined, depending on the type of assessment: max-best, min-best, and mid-best 
assessment. Accordingly, OIGDs are defined based on Eq. (4.10) to Eq. (4.12) (Zhang and El-
Gohary 2016).  
𝑂𝐼𝐺𝐷𝑗𝑎𝑏𝑘 = {
0                       𝑂𝐼𝐼𝑗𝑎𝑏𝑘 < 𝐵𝑂𝑀min𝑗𝑎𝑏𝑘
𝑂𝐼𝐼𝑗𝑎𝑏𝑘−𝐵𝑂𝑀min𝑗𝑎𝑏𝑘
𝐵𝑂𝑀max𝑗𝑎𝑏𝑘−𝐵𝑂𝑀min𝑗𝑎𝑏𝑘
  𝐵𝑂𝑀min𝑗𝑎𝑏𝑘 ≤ 𝑂𝐼𝐼𝑗𝑎𝑏𝑘 < 𝐵𝑂𝑀max𝑗𝑎𝑏𝑘
1                     𝑂𝐼𝐼𝑗𝑎𝑏𝑘 ≥ 𝐵𝑂𝑀max𝑗𝑎𝑏𝑘 
             (4.10) 
𝑂𝐼𝐺𝐷𝑗𝑎𝑏𝑘 = {
1                         𝑂𝐼𝐼𝑗𝑎𝑏𝑘 ≤ 𝐵𝑂𝑀min𝑗𝑎𝑏𝑘
𝐵𝑂𝑀max𝑗𝑎𝑏𝑘−𝑂𝐼𝐼𝑗𝑎𝑏𝑘
𝐵𝑂𝑀max𝑗𝑎𝑏𝑘−𝐵𝑂𝑀min𝑗𝑎𝑏𝑘
   𝐵𝑂𝑀min𝑗𝑎𝑏𝑘 < 𝑂𝐼𝐼𝑗𝑎𝑏𝑘 ≤ 𝐵𝑂𝑀max𝑗𝑎𝑏𝑘
0                         𝑂𝐼𝐼𝑗𝑎𝑏𝑘 > 𝐵𝑂𝑀max𝑗𝑎𝑏𝑘 
                              (4.11) 
𝑂𝐼𝐺𝐷𝑗𝑎𝑏𝑘 =
{
 
 
 
 
 
 
0                                          𝑂𝐼𝐼𝑗𝑎𝑏𝑘 < 𝐵𝑂𝑀min𝑗𝑎𝑏𝑘
𝑂𝐼𝐼𝑗𝑎𝑏𝑘 − 𝐵𝑂𝑀min𝑗𝑎𝑏𝑘
𝐵𝑂𝑀min𝑗𝑎𝑏𝑘′ − 𝐵𝑂𝑀min𝑗𝑎𝑏𝑘
       𝐵𝑂𝑀min𝑗𝑎𝑏𝑘 ≤ 𝑂𝐼𝐼𝑗𝑎𝑏𝑘 < 𝐵𝑂𝑀min𝑗𝑎𝑏𝑘′
                   1                                      𝐵𝑂𝑀min 𝑗𝑎𝑏𝑘′ ≤ 𝑂𝐼𝐼𝑗𝑎𝑏𝑘 < 𝐵𝑂𝑀max𝑗𝑎𝑏𝑘′ 
𝐵𝑂𝑀max𝑗𝑎𝑏𝑘 − 𝑂𝐼𝐼𝑗𝑎𝑏𝑘
𝐵𝑂𝑀max𝑗𝑎𝑏𝑘 − 𝐵𝑂𝑀max𝑗𝑎𝑏𝑘′
         𝐵𝑂𝑀max𝑗𝑎𝑏𝑘′ ≤ 𝑂𝐼𝐼𝑗𝑎𝑏𝑘 < 𝐵𝑂𝑀max𝑗𝑎𝑏𝑘
0                                           𝑂𝐼𝐼𝑗𝑎𝑏𝑘 ≥ 𝐵𝑂𝑀max𝑗𝑎𝑏𝑘
       (4. 12) 
where 𝑂𝐼𝐺𝐷𝑗𝑎𝑏𝑘 = object integration goodness degree between value bearers (parts) a and b (of 
whole k) in fulfilling stakeholder value j; 𝑂𝐼𝐼𝑗𝑎𝑏𝑘= object integration indicator of value bearers 
(parts) a and b (of whole k) in fulfilling stakeholder value j; 𝐵𝑂𝑀min𝑗𝑎𝑏𝑘= minimum benchmark 
of measure of value bearers (parts) a and b (of whole k) in fulfilling stakeholder value j; and 
𝐵𝑂𝑀max𝑗𝑎𝑏𝑘= maximum benchmark of measure of value bearers (parts) a and b (of whole k) in 
fulfilling stakeholder value j (Zhang and El-Gohary 2016).  
When conducting a max-best assessment (Eq. 4.10), the minimum benchmark represents the 
lowest degree of integration goodness, below which the integration becomes totally bad; whereas 
the maximum benchmark represents a high enough degree of integration goodness, above which 
an integration becomes “good-enough”. Accordingly, (1) when the OII falls below the minimum 
 111 
 
 
benchmark, the OIGD falls to 0, (2) when the OII falls within the range of minimum and maximum 
benchmarks, the OIGD monotonically increases with the increase of the OII until reaching the 
maximum benchmark, and (3) when the OII reaches (or is above) the maximum benchmark, the 
OIGD becomes at its maximum of 1. For example, the OIGD between the ceiling system and the 
interior wall system (parts) – of an interior system (whole) in fulfilling acoustic comfort 
(stakeholder value) – can be assessed using max-best assessment, where a higher percentage of 
joints and penetrations sealed with acoustic sealant (OII) indicates better acoustic integration 
goodness until it reaches 100% (maximum benchmark) (Zhang and El-Gohary 2016). 
When conducting a min-best assessment (Eq. 4.11), the minimum benchmark represents a high 
enough degree of integration goodness, below which an integration becomes “good-enough”; 
whereas the maximum benchmark represents the lowest degree of integration goodness, above 
which the integration becomes totally bad.  For example, the OIGD between the fenestration 
system and the exterior wall system (parts) – of an envelope system (whole) in fulfilling energy 
conservation (stakeholder value) – can be assessed using min-best assessment, where a lower 
amount of air leakage rate (OII) indicates better energy integration goodness until it falls at 3 ACH 
(air change per hour) (minimum benchmark) (Zhang and El-Gohary 2016).  
When conducting a mid-best assessment (Eq. 4.12), there is a certain range within which the 
integration becomes “good enough”; when the OII falls within that range, the OIGD is at its 
maximum. The OIGD decreases when the OII falls out of this range until it becomes totally bad, 
when the OII reaches the minimum or maximum benchmark (both representing the lowest degree 
of goodness). For example, the OIGD between the window and the exterior wall (parts) – of an 
envelope system (whole) in fulfilling daylight and views improvement (stakeholder value) – can 
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be assessed using mid-best assessment, where the daylight integration is best when the window 
wall ratio (WWR) (OII) is within a range of 20% to 30% (good-enough range) (Zhang and El-
Gohary 2016).  
Intrinsic object integration goodness assessment is a flexible and personal goodness assessment 
that is conducted based on personal stakeholder judgment in terms of aesthetical, emotional, or 
spiritual aspects. A stakeholder can directly assign an OIGD from 0 to 1 based on his/her personal 
judgment of the goodness of the integration. For example, a stakeholder can directly assign an 
OIGD of 1 to the integration between the interior wall system and the ceiling system (parts) in 
fulfilling aesthetics, if he/she thinks that the two systems integrate perfectly visually (Zhang and 
El-Gohary 2016).  
4.4.3 Object Value Mismatch Degree (OVMD) Determination 
In fulfilling some types of stakeholder values (e.g., acoustic comfort, fire safety), ideally, each part 
should be designed to avoid the existence of a “weak link” in the whole. A mismatch in the 
property goodness degrees of the parts creates a mismatch in value fulfillment, and a mismatch in 
value fulfillment among the parts creates a weak link in the whole. For example, to fulfill fire 
safety (stakeholder value) in an ideal scenario, the wall system, the flooring system, and the roofing 
system (parts) of a building (whole) should have the same fire rating (e.g., all 2 hour fire rating). 
However, this is not usually conducted in practice due to practical reasons of material 
characteristics and/or architectural design purposes (Owens Corning 2015). Such “weak link(s)” 
in a whole may diminish value fulfillment, by a certain degree. For example, in fulfilling acoustic 
comfort (stakeholder value), the degree of value fulfillment of an assembly (whole) including a 
wall (part) and a door (part) may be diminished by an extra degree because of a relatively poor 
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sound resistance (property) of the door, even though the wall has a very good sound resistance. 
The concept object value mismatch degree (OVMD) is introduced, in the proposed model, to 
represent the degrees of mismatches between the different parts of a whole in fulfilling a 
stakeholder value (Zhang and El-Gohary 2016).  
OVMD is affected by the types of the parts, the types and goodness degrees of their properties, 
and the type of stakeholder value they fulfill. It is determined extrinsically, on a case by case basis, 
from theoretical knowledge and/or practical experimental data. For example, the OVMD of the 
wall (part) and the door (part) of an envelope system (whole) in fulfilling acoustic comfort 
(stakeholder value) can be determined using the composite sound resistance assessment method, 
where the goodness of sound resistance (property) is assessed by sound transmission class (STC) 
rating (property indicator). For example, in one case, an insulated stucco wall has an STC rating 
of 57, and a door that occupies 13 percent of the total wall area has an STC rating of 46. Without 
considering mismatches between the wall and the door, an elevated composite STC rating of the 
wall and the door is 55.57, which is calculated by aggregating the individual STC ratings and the 
percent of areas of the wall and the door using simple additive weighing. However, the true 
composite STC rating of the wall together with the door is 53.5, which is determined using a 
nomograph for calculating the STC ratings of composite structures (Owens Corning 2015). As 
such, a discrepancy between the true and the elevated composite STC rating exists due to the 
mismatch between the door and the wall. Such discrepancy can be represented as a mismatch 
degree (i.e., OVMD); and in this case, the OVMD between the wall and the door is calculated as 
0.037 [using Eq. (4.13)] (Zhang and El-Gohary 2016).  
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Mismatches in value fulfillment of the parts depend on the degrees of mismatches of the individual 
properties (e.g., sound resistance) of the parts and the significances of the properties in fulfilling 
that particular value. Not all mismatches in the properties of the parts have the same significance 
in affecting the value fulfillment of the whole. Such significance is represented through the concept 
property value significance (PVS). The OVMD function (Eq.4.13) aims to capture the mismatches 
in value fulfillment taking both – the mismatches in the property goodness degrees of the parts and 
the significance of the properties – into account. As such, OVMD is a simple additive weighting 
function that aggregates the property value significance (PVS) and the property value mismatch 
factor(1 −
𝑃𝐺𝐷𝐶𝑂𝑀𝑖𝑗𝑎𝑏𝑘
𝑃𝐺𝐷𝑖𝑗𝑎𝑘×𝑂𝑉𝐼𝑗𝑎𝑘+𝑃𝐺𝐷𝑖𝑗𝑏𝑘×𝑂𝑉𝐼𝑗𝑏𝑘
). The property value mismatch factor aims to reflect the 
discrepancy that is caused by the mismatches between the goodness degrees of the properties of 
the parts (Zhang and El-Gohary 2016). 
𝑂𝑉𝑀𝐷𝑗𝑎𝑏𝑘 = ∑ 𝑃𝑉𝑆𝑖𝑗 (1 −
𝑃𝐺𝐷𝐶𝑂𝑀𝑖𝑗𝑎𝑏𝑘
𝑃𝐺𝐷𝑖𝑗𝑎𝑘×𝑂𝑉𝐼𝑗𝑎𝑘+𝑃𝐺𝐷𝑖𝑗𝑏𝑘×𝑂𝑉𝐼𝑗𝑏𝑘
)𝑚𝑖=1                         (4.13) 
where 𝑂𝑉𝑀𝐷𝑗𝑎𝑏𝑘 = object value mismatch degree between value bearers (parts) a and b (of whole 
k) in fulfilling stakeholder value j; m= total number of mismatched properties in fulfilling 
stakeholder value j; 𝑃𝑉𝑆𝑖𝑗= property value significance of property i in fulfilling stakeholder value 
j; 𝑃𝐺𝐷𝐶𝑂𝑀𝑖𝑗𝑎𝑏𝑘= composite property goodness degree of property i between value bearers (parts) 
a and b (of whole k) in fulfilling stakeholder value j; 𝑃𝐺𝐷𝑖𝑗𝑎𝑘= property goodness degree of 
property i of value bearer (part) a (of whole k) in fulfilling stakeholder value j; 𝑃𝐺𝐷𝑖𝑗𝑏𝑘= property 
goodness degree of property i of value bearer (part) b (of whole k) in fulfilling stakeholder value 
j; 𝑂𝑉𝐼𝑗𝑎𝑘= object value importance of value bearer (part) a (of whole k) in fulfilling stakeholder 
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value j; and  𝑂𝑉𝐼𝑗𝑏𝑘= object value importance of value bearer (part) b (of whole k)  in fulfilling 
stakeholder value j (Zhang and El-Gohary 2016). 
4.4.4 Object Value Fulfillment Degree (VFD) Aggregation 
A value bearer (whole) fulfills a stakeholder value in varying degrees depending on (1) the value 
fulfillments of their individual parts, (2) the importance of the parts in fulfilling that stakeholder 
value, (3) the goodness of the integration among the parts in fulfilling that stakeholder value, and 
(4) the match/mismatch between the parts in fulfilling that stakeholder value. Different parts “work 
together” in fulfilling a specific stakeholder value. A well-integrated whole contributes to the 
fulfillment of a stakeholder value in an extra higher degree, while a whole with “weak links” may 
diminish the fulfillment of a stakeholder value by a certain degree. The proposed VFD function of 
the whole (called thereafter whole VFD function) aims to define the value fulfillment degree 
(VFD) of a whole by aggregating the VFDs and OVIs of its individual parts, while accounting for 
the OIGDs and OVMDs among these parts. The whole VFD function is defined in Eq. (4.14) 
(Zhang and El-Gohary 2016).  
𝑉𝐹𝐷𝑗𝑘 = ∑
(𝑉𝐹𝐷𝑗𝑎𝑘×𝑂𝑉𝐼𝑗𝑎𝑘+𝑉𝐹𝐷𝑗𝑏𝑘×𝑂𝑉𝐼𝑗𝑏𝑘)(1+𝑂𝐼𝐺𝐷𝑗𝑎𝑏𝑘)
𝛽
(1−𝑂𝑉𝑀𝐷𝑗𝑎𝑏𝑘)
𝛾
𝑛−1
𝑎,𝑏∈𝐾
𝑎≠𝑏
           (4.14) 
where 𝑉𝐹𝐷𝑗𝑘= value fulfillment degree of value bearer (whole) k in fulfilling stakeholder value j;  
𝑉𝐹𝐷𝑗𝑎𝑘= value fulfillment degree of  value bearer (part) a (of whole k) in fulfilling stakeholder 
value j; 𝑉𝐹𝐷𝑗𝑏𝑘= value fulfillment degree of value bearer (part) b (of whole k) in fulfilling 
stakeholder value j; 𝑂𝑉𝐼𝑗𝑎𝑘= object value importance of value bearer (part) a (of whole k) in 
fulfilling stakeholder value j; 𝑂𝑉𝐼𝑗𝑏𝑘= object value importance of value bearer (part) b (of whole 
k) in fulfilling stakeholder value j; 𝑂𝐼𝐺𝐷𝑗𝑎𝑏𝑘= objet integration goodness degree between value 
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bearers (parts) a and b (of whole k) in fulfilling stakeholder value j; 𝑂𝑉𝑀𝐷𝑗𝑎𝑏𝑘 = object value 
mismatch degree between value bearers (parts) a and b (of whole k) in fulfilling stakeholder value 
j; K= the set of parts that form whole k; n = total number of value bearers (parts) (of whole k) that 
fulfill stakeholder value j; 𝛽 = a coefficient for controlling the degree of rewarding integration 
goodness, and 𝛾 = a coefficient for controlling the degree of penalizing value mismatch (Zhang 
and El-Gohary 2016).  
The whole VFD function (Eq. 4.14) can be viewed as a combination of three factors: object 
aggregation factor, object integration goodness factor, and object value mismatch factor. The 
object aggregation factor(𝑉𝐹𝐷𝑗𝑎𝑘×𝑂𝑉𝐼𝑗𝑎𝑘 +𝑉𝐹𝐷𝑗𝑏𝑘×𝑂𝑉𝐼𝑗𝑏𝑘) aggregates the VFDs and OVIs of 
the individual parts to define how much a stakeholder value is fulfilled by these parts, individually. 
The higher the VFDs and OVIs of the individual parts are, the more the parts contribute to the 
value fulfillment of the whole. The object aggregation factor uses simple additive weighting. 
Simple additive weighting is a type of aggregate function-based method that allows for 
compensability among attributes during aggregation (OECD 2008, Andresen 2000). It is suitable 
for object aggregation for three reasons. First, when aggregating the VFDs and OVIs of the parts 
to define the VFD of the whole, the parts are compensatory in value fulfillment. For example, in 
determining how much material conservation (stakeholder value) is fulfilled by a building system 
(whole), an envelope system (part) with lower VFD in material conservation can be compensated 
by an interior system (part) with higher VFD in material conservation. Second, a simple additive 
weighting method is able to provide an aggregated VFD (numerical number) for each whole. This 
allows further aggregation of the VFDs and for valuating a whole irrespective of the existence of 
other alternative wholes. Third, research shows that simple additive weighting method yields 
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“extremely close approximations” to other non-linear aggregate value function-based methods 
(e.g., generalized means) while remaining easier to understand (Andresen 2000, Zhang and El-
Gohary 2016).   
The object integration goodness factor[(1 + 𝑂𝐼𝐺𝐷𝑗𝑎𝑏𝑘)
𝛽
]accounts for the integration goodness 
degrees between the parts.  A well-integrated whole contributes to the fulfillment of a stakeholder 
value in an extra higher degree. For example, an envelope system (whole) with good acoustic 
integration among its roofs, walls, and floors (parts) may contribute to the fulfillment of acoustic 
comfort in an extra higher degree. While a poorly integrated whole may also diminish the 
fulfillment of a stakeholder value in a high extent, such low levels of integration (states of badness) 
are already at or below the minimum requirements for physical integrations (e.g., 1 hour fire rating 
for the joints between components) established by regulations (e.g., building codes). Such states 
of badness are, thus, already eliminated for compliant wholes. States with parts that are well-
integrated are, on the other hand, rewarded by this factor, using a coefficient 𝛽, because of their 
extra high contribution to value fulfillment. The coefficient 𝛽 defines the extent of rewarding well-
integrated parts; and is a numerical number from 0 to 1. An 𝛽 of 1 represents a full extent of 
reward, while an 𝛽 of 0 represents no reward at all (Zhang and El-Gohary 2016).  
The object value mismatch factor [(1 − 𝑂𝑉𝑀𝐷𝑗𝑎𝑏𝑘)
𝛾
] accounts for the degrees of value 
mismatches between the parts. “Weak links” in a whole may diminish the fulfillment of a 
stakeholder value by a certain degree. For example, the weak link between a wall (part) with a 
relatively high sound resistance and a door (part) with a relatively low sound resistance in a 
building (whole) may diminish the fulfillment of acoustic comfort (stakeholder value). States with 
parts that mismatch are, thus, penalized by this factor, using a coefficient 𝛾, because they decrease 
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value fulfillment. The coefficient 𝛾 defines the extent of penalization; and is a numerical number 
from 0 to 1. A 𝛾  of 1 represent a full extent of penalization, while a 𝛾  of 0 represents no 
penalization at all (Zhang and El-Gohary 2016).   
The numerator of the whole VFD function is a multiplication of the object aggregation factor 
(which ranges from 0 to 2), the object integration goodness factor (which ranges from 1 to 2), and 
the object value mismatch factor (which ranges from 0 to 1), thereby making the object integration 
goodness factor as a “bonus” factor and the object value mismatch factor as a “discount” factor.  
The denominator of the whole VFD function is the number of times a part occurs in two-part 
combinations within its whole, which equals to the total number of parts minus 1 (Zhang and El-
Gohary 2016).  
4.5 Subvalue Aggregation Submodel (Functions) 
Subvalue aggregation aims to aggregate the degrees that a building (or a building object) fulfills 
each of the stakeholder values to define the worth of that building (or building object) based on 
these stakeholder values. This section discusses the process and functions (equations) of subvalue 
aggregation. The process includes two primary steps: discovering stakeholder value importances 
(SVIs) and calculating worths (Ws).  
4.5.1 Stakeholder Value Importance (SVI) Discovery 
Each stakeholder is different; each has different personal values with varying degrees of 
importance. A particular value may be very important to one person, but totally unimportant to 
another (Schwartz 2006). Similarly, a person may attach high importance to one value, but low 
importance to another. For every individual person, values are ordered by importance, relative to 
 119 
 
 
another value. Such ordered set of values forms a personal system of value priorities (Schwartz 
2006). Discovering and incorporating the systems of stakeholder value priorities are keys to 
human-centred valuation that weighs in stakeholders’ perspectives on values. Without 
understanding what stakeholders value and how important each value is to the different 
stakeholders, solutions cannot be made in a way that is synergistically aligned with the different 
systems of stakeholder value priorities. The stakeholders’ systems of value properties are 
represented through the concept stakeholder value importance (SVI). SVI is the importance of a 
value to an individual stakeholder; it is an intrinsic concept that reflects the personal human values 
of stakeholders, where the set of SVIs (of the different stakeholder values) of an individual 
stakeholder represents the personal system of value priorities of that stakeholder.  
It is essential to discover the SVIs of the stakeholder values from their sources – the stakeholders 
themselves – through one-to-one interactions (e.g., through surveys). A questionnaire survey is a 
structured interaction method that could provide a standardized and generalized way for 
discovering the SVIs of the various values to the different stakeholders. In situations where all 
stakeholder opinions cannot be captured, the questionnaire survey method could be particularly 
helpful in representing the opinions of all stakeholders by surveying a representative sample of 
stakeholders. Research indicates that questionnaire surveys are effective when the goal is to 
investigate the opinions of a large group of people (Goh and Yang 2013). Other techniques, such 
as analytic hierarchy process (AHP) [a widely used MCDM method using pairwise comparisons 
to derive weights of criteria (Saaty 1987)], can also be used for soliciting stakeholder opinions in 
terms of the importances of values. However, AHP are generally used when there are less than 
nine criteria (in this case, stakeholder values). Otherwise, it would be time-consuming, prone to 
inconsistency, and results in very small differences in the final ratings (Opydo 2014). AHP can be 
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used, though, in certain case studies where only limited number (less than nine) of stakeholder 
values are considered. In this study, since there are 50 stakeholder values (Figure 3.1), a 
questionnaire was developed and used. Respondents were required to rate the SVI of each 
stakeholder value on a six-point Likert scale of 0 to 5, with 0 being “not at all important” and 5 
being “extremely important”. Accordingly, the SVIs of an individual stakeholder are calculated 
using Eq. (4.15).  
𝑆𝑉𝐼𝑗𝑘𝑚 =
𝑆𝑉𝐼𝑗𝑚
′
∑ 𝑆𝑉𝐼𝑗𝑚
′𝑛
𝑗=1
                                                          (4.15) 
where 𝑆𝑉𝐼𝑗𝑚
′  = importance degree rating of stakeholder value j by stakeholder m; 𝑆𝑉𝐼𝑗𝑘𝑚 = 
importance of stakeholder value j to stakeholder m for value bearer (whole) k; and n=total number 
of stakeholder values fulfilled by value bearer (whole) k. 
4.5.2 Worth (W) Function  
The value (worth) of a value bearer to a stakeholder depends on the importances of the different 
stakeholder values to that specific individual stakeholder (i.e., the stakeholder’s personal system 
of value priorities) and how this value bearer fulfills these stakeholder values. The same value 
bearer could have different worths to different stakeholders based on their different systems of 
value priorities. For example, a wall (value bearer) with excellent acoustic comfort (stakeholder 
value) is worth more to a stakeholder who has a higher SVI for acoustic comfort and worth less to 
another stakeholder who has a lower SVI. The worth of a value bearer to a stakeholder also depends 
on how synergistically the whole set of stakeholder values fulfilled by that value bearer are 
collectively aligned with the stakeholder’s personal system of value priorities. Higher levels of 
value fulfillment are reached if there is a synergy between the two sets of values – the set that an 
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individual stakeholder strives to fulfill and the set that is actually fulfilled by the value bearer. 
Fulfilling some values but not the others results in some level of overall value fulfillment, but 
fulfilling all those important values results in a much higher extent of overall fulfillment. A value 
bearer, consequently, is worth more to an individual stakeholder if it causes such state of high 
overall fulfillment. The proposed W function aims to capture the amount of worth of a value bearer 
to an individual stakeholder taking both the fulfillment-importance alignment of the individual 
stakeholder values and the overall value system synergy into account. The W function, thus, is 
composed of two subfunctions: a value fulfillment aggregation (VFA) function that aggregates the 
VFDs and SVIs of the individual stakeholder values, and a value system synergy (VSS) function 
that rewards/penalizes states of value system synergy/non-synergy.  
Similar to the PGA function, VFA function uses simple additive weighting method for aggregating 
the VFDs and SVIs of individual stakeholder values because stakeholder values, of one value 
bearer, are compensatory in worth.   
The VSS function rewards states of value system synergy/alignment and penalizes states of non-
synergy/misalignment, because of the impact of such overall alignment or misalignment on the 
worth of the value bearer to the stakeholder. A value bearer is worth more to a stakeholder if the 
VFDs are well aligned with the SVIs of  stakeholder values, and is worth less if the VFDs are 
poorly aligned with the SVIs of stakeholder values. The VSS is a measure of the degree of 
synergy/alignment between the VFDs and SVIs of all stakeholder values for the value bearer. The 
degree of synergy/alignment is measured using Spearman’s ρ correlation coefficient. Spearman’s 
ρ correlation coefficient is a measure of the strength and direction of the association between two 
variables, generating a numerical number between +1 and -1, where +1 represents total positive 
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correlation, 0 represents no correlation, and -1 represents total negative correlation (Laerd 
Statistics 2014). A coefficient 𝛿  defines the extent of rewarding (or penalizing) the value bearer 
that has a positive (or negative) correlation between VFDs and SVIs of all its stakeholder values, 
and is a numerical number between 0 (no rewarding/penalizing at all) and 1 (full extent of 
rewarding/penalizing).  
The W function is a multiplication of the VFA (which ranges from 0 to 2) and the VSS function 
(which ranges from 0 to 2), thereby making the VSS function acting as a magnifying or a 
discounting factor. The W function is presented in Eq. (4.16).  
𝑊𝑘𝑚 = (∑ 𝑉𝐹𝐷𝑗𝑘
𝑛
𝑗=1 ×𝑆𝑉𝐼𝑗𝑘𝑚)×(1 + 𝜌(𝑉𝐹𝐷𝑗𝑘, 𝑆𝑉𝐼𝑗𝑘𝑚))
𝛿
                           (4.16) 
where 𝑊𝑘𝑚= the worth of value bearer (whole) k to stakeholder m; n = total number of stakeholder 
values fulfilled by value bearer (whole) k; 𝑉𝐹𝐷𝑗𝑘= value fulfillment degree of stakeholder value j  
by value bearer (whole) k; 𝑆𝑉𝐼𝑗𝑘𝑚= stakeholder value importance of stakeholder value j to 
stakeholder m for value bearer (whole) k; 𝜌(𝑉𝐹𝐷𝑗𝑘, 𝑆𝑉𝐼𝑗𝑘𝑚) = Spearman’s ρ correlation 
coefficient of 𝑉𝐹𝐷𝑗𝑘 and 𝑆𝑉𝐼𝑗𝑘𝑚; and 𝛿 = coefficient of value synergy between the VFDs and the 
SVIs of all stakeholder values fulfilled by value bearer (whole) k. 
4.6  Valuation Model Validation  
4.6.1 Validation Method 
The proposed valuation model was validated using predictive validation. Predictive validation 
aims to assess the validity of a model based on its predictions; it demonstrates the validity of a 
model if the relationships between the actual behaviors and the model’s predictions are strong and 
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significant (Laerd Dissertation 2014, Weathington and Roberts 2005).  In the context of formal-
axiology-based valuation, predictive validation aims to answer the following key question: do a 
sample of humans (stakeholders) order a set of objects (building design alternatives) in the same 
(similar) way predicted by the mathematical valuation model? Answering this question involves a 
three-part experiment: (1) capturing the respondents’ (stakeholders’) systems of value priorities 
(the importance ratings of the stakeholder values)  and asking respondents (stakeholders) to rank 
a set of objects (design alternatives) based on their own stakeholder values, (2) predicting the 
rankings of the same set of objects (design alternatives) for the same set of stakeholders using the 
valuation model, based on the captured systems of value priorities but independent of the 
stakeholder rankings, and (3) measuring the correlation between the stakeholder rankings and the 
model predictions. If there is a very strong and significant positive correlation [>0.75 (UGronigen 
2014)] between the stakeholder ranking and the model-based ranking, then the proposed model is 
valid. The proposed validation method is founded on the following main premise that has been 
established in Hartman’s axiology (and other recent work that proved the validity of the theory in 
this regard, such as AI 2002, Smith 2006, and Weathington and Roberts 2005): If one were to 
solicit the value rankings of a sample of “well-informed” and “qualified” humans for a set of 
valuational items (i.e., objects subject to valuation), the obtained ranks of all items would 
match/correlate with the theoretical orders predicted by a “good” valuation model (Hartman 
1967b; AI 2002; Smith 2006; and Weathington and Roberts 2005, Zhang and El-Gohary 2016).  
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4.6.2 Validation #1 – Validating Value Quantification and Subvalue Aggregation 
Submodels  
An initial validation was conducted to validate the proposed value quantification and subvalue 
aggregation submodels. For the initial validation, a set of stakeholders were invited to participate 
in one-to-one interviews to rank a set of apartment building exterior wall system alternatives. A 
duplex apartment building model was used for the experiment. It is one of the common Building 
Information Model (BIM) published by buildingSMART alliance (a council of the National 
Institute of Building Sciences) for evaluating model/software functionality/applicability.  The 3D 
view of this model is presented in Figure 4.3 and the basic model information is summarized in 
Table 4.2.  
 
Figure 4.3. 3D View of the Duplex Apartment Building Model Used for Validation 
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Table 4.2. Basic Information of the Duplex Apartment Building Model 
 Property  Information  
Building type Multi-family  
Number of stories 2 
Number of residences 2 
Gross floor area 3135 SF  
Basement area  0 SF 
Conceptual constructions Lightweight construction 
Project location (the State) Illinois  
Project climate zone Zone 5 (IECC 2012) 
 
The exterior wall system of the apartment building is originally designed using concrete block 
with brick veneer. Four additional alternatives (with different elements and properties) were 
developed in consultation with two architectural designers: (1) standard wood framing wall, (2) 
advanced wood framing wall, (3) Structural Insulated Panel (SIP) wall, and (4) metal framing wall. 
The information about the design of the five alternatives are summarized in Table 4.3.  
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Table 4.3. Five Wall Alternatives Designs 
Element 
Alternative 
Concrete  
block wall (I) 
Standard wood 
framing wall (II) 
Advanced wood 
framing wall (III) 
SIP wall  
(IV) 
Metal framing 
wall (V) 
Structural 
framing 
8"x 8" x 16" 
Concrete block 
2x4 Wood stud 
framing @  
16" o.c. 
2x6 Wood stud 
framing @  
24" o.c. 
8-1/4" SIP with 
7/16" oriented 
strand board both 
faced and 7-3/8"  
expanded 
polystyrene 
insulation 
16 ga x 6" Steel 
stud framing @ 
16" o.c. 
Interior 
sheathing 
5/8" Type X 
gypsum board 
5/8" Type X 
gypsum board 
5/8" Type X 
gypsum board 
5/8" Type X 
gypsum board 
5/8" Type X 
gypsum board 
Insulation 
3" Fiberglass 
board rigid 
insulation 
3-1/2" Rockwool 
batts cavity 
insulation with 
1" extruded 
polystyrene rigid 
insulation 
5-1/2" Fiberglass 
batts cavity 
insulation with 
1" extruded 
polystyrene rigid 
insulation 
7-3/8" Expanded 
polystyrene foam 
insulation  
(included in SIP) 
5-1/2" Foil-based 
fiberglass batts 
cavity insulation 
with 1-1/2" 
fiberglass board  
rigid insulation 
Exterior 
sheathing 
N/A 
1/2" Oriented 
strand board 
sheathing 
1/2" Plywood 
sheathing 
N/A 
1/2" Oriented 
strand board 
sheathing 
Substrate 
1-5/8" Metal stud 
layer 
N/A N/A 1" Wood furring N/A 
Thermal/air 
layer 
1" Air space N/A N/A N/A 2" Air space 
 Weather 
barrier 
Asphalt felt 
paper 
House wrap House wrap House wrap 
Asphalt felt 
paper 
 Vapor 
retarder 
0.004" 
Polyethylene 
sheet 
0.004" 
Polyethylene 
sheet 
0.004" 
Polyethylene 
sheet 
N/A 
Included in foil-
faced fiberglass 
batts cavity 
insulation 
Exterior 
cladding  
Brick veneer 
Wood board 
shiplap edge 
panel siding 
Vinyl siding Wood siding Brick veneer 
 
For final validation, more case studies (including more building components and more types of 
buildings) will be analyzed, as part of Task #5 and Task #6.  
4.6.2.1 Soliciting Stakeholder Opinion on Importances of Values and Ranking of Alternatives 
A set of one-to-one stakeholder interviews were conducted to solicit stakeholder opinions on the 
importance of relevant stakeholder values, and the ranking of the five exterior wall system 
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alternatives. The target participants were responsible, impacted, and interested stakeholders of 
apartment buildings in the state of Illinois. Benchmarking the work by El-Gohary et al. (2006), a 
responsible stakeholder is an organization or individual who has some degree of responsibility or 
liability in developing or managing an apartment building, such as an owner, a contractor, or a 
designer. An impacted stakeholder is an organization or individual who is directly or indirectly 
affected by the apartment building, such as a building end-user or a local community. An interested 
stakeholder is an organization or individual who is interested in learning, participating, and/or 
providing opinion about the apartment building, such as an environmentalist. Potential participants 
were sampled from different online sources, including websites, online address books, school 
address books, mailing lists, etc.  
Each stakeholder interview was composed of three parts: a short presentation by the interviewer 
(the author) to introduce the research purpose, a walkthrough of the design details and properties 
of the five exterior wall system alternatives, and a questionnaire survey to solicit stakeholder 
responses.  
The questionnaire was composed of three sections. Section 1 aimed at acquiring respondent 
information, including stakeholder group, age, gender, educational background, ethnicity, 
working/studying/living location, and organization characteristics. In Section 2, respondents were 
requested to rate the importance degree of each of the stakeholder values to them in the context of 
apartment buildings. Out of the 50 stakeholder values (in the stakeholder value hierarchy as 
presented in Figure 3.1), only the set of relevant stakeholder values (shown in Figure 4.4) was 
included in the questionnaire. A six-point Likert scale was used to capture the responses, with 5 
being “extremely important”, 4 being “very important”, 3 being “important”, 2 being “moderately 
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important”, 1 being “slightly important”, and 0 being “not at all important”. In Section 3, 
respondents were asked to rank the five wall system alternatives from best to worst, based on the 
properties of the alternatives and how the alternatives fulfill their own stakeholder values. The 
information about the design and properties of the five alternatives was provided to the 
respondents. 
A total of 22 stakeholders participated in the interviews, including eleven impacted stakeholders 
(50%), nine responsible stakeholders (41%), and two interested stakeholders (9%). The results of 
the stakeholder rankings are presented in Table 4.4. As shown in Table 4.4, different respondents 
ranked the alternatives differently based on their own systems of value priorities.  
 
Value
Environmental 
Value
Social Value
Economic 
Value
Pollution 
Prevention
Resource 
Conservation
Energy 
Conservation
Material  
Conservation
Waste 
Pollution 
Prevention
Cost Saving
Building Safety
Fire Safety
Financial 
Value 
Health and 
Comfort 
Improvement 
Indoor Air 
Quality 
Improvement
Acoustic 
Comfort
 
Figure 4.4. Relevant Stakeholder Values Used for Validation 
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Table 4.4. Rankings of Alternatives by Stakeholders 
Respondent  
Rankings of alternatives by respondents 
Alt. I Alt. II Alt. III Alt. IV Alt. V 
1 4 5 3 1 2 
2 4 5 3 1 2 
3 4 5 3 2 1 
4 4 5 3 1 2 
5 5 4 3 1 2 
6 1 5 4 3 2 
7 5 3 1 2 4 
8 5 3 2 1 4 
9 3 5 4 2 1 
10 5 4 2 1 3 
11 2 5 4 3 1 
12 5 4 3 2 1 
13 5 4 1 2 3 
14 4 5 2 1 3 
15 4 5 3 1 2 
16 4 5 2 1 3 
17 3 5 4 2 1 
18 1 5 4 3 2 
19 2 5 4 3 1 
20 1 5 3 2 4 
21 3 5 4 1 2 
22 5 3 2 1 4 
 
4.6.2.2 Model-Based Analysis and Predicted Ranking of Alternatives  
The data and the results of the model-based analysis, including the property indicators, benchmarks 
of measure, high goodness benchmarks of measures, property value significances, property 
goodness degrees, value fulfillment degrees, worths, and resulting rankings of the five alternatives, 
are summarized in Table 4.5, Table 4.6, and Table 4.7. A 0.5 α and a 0.5 𝛿coefficients were used 
in the analysis, which represent mid extents of rewarding high property goodness and 
rewarding/penalizing value system synergy/non-synergy, respectively. As shown in Table 4.7 , in 
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the model-based analysis, the worth of the same alternative was different to the different 
respondents, which is attributed to their different systems of value priorities (SVIs). Accordingly, 
the model-based predicted rankings of the alternatives were different to the different respondents.   
 
Table 4.5. Validation Data: Stakeholder Values, Properties, Property Indicators, Benchmark of 
Measures, Highly Good Properties, and Property Value Significance   
Stakeholder 
value 
Property PI Unit 
PIs of alternatives 
BOM min BOM max 
BOM 
reference 
HGBOM 
HGBOM 
reference 
PVS 
Alt. I Alt. II Alt. III Alt. IV Alt. V 
Waste 
pollution 
prevention 
Recycled 
waste 
Percentage of 
waste 
recycled or 
salvaged  
% 69.88 42.35 42.45 45.20 39.76 0 100 N/A 25 
USGBC 
2008 
0.33 
Reduced 
waste 
Amount of 
waste 
generated  
lb/SF 1.48 0.86 0.67 0.64 1.37 0 0.875 
USGBC 
2008 
N/A N/A 0.67 
Energy 
conservation 
Thermal 
resistance 
R-Value of 
insulation 
ft2 °F 
hr/Btu 
13 15+5 19+5 26 21+6.2 
20 or 
13+5a; 
13b; 
19+6.2c 
28 or 
21+6a; 
21b; 
27+7.4c 
USDOE 
2008, 
USDOE 
2012 
24 or 
15.6+6a; 
15.6b; 
22.8+7.4c 
USGBC 
2013b 
1.00 
Material 
conservation 
Recycled 
material 
Percentage of 
material  
containing 
recycled 
content  
% 77.75 42.76 45.25 64.98 60.45 0 100 N/A 50 
USGBC 
2009, 
USGBC 
2013b 
0.33 
Reclaimed 
material 
Percentage of 
salvaged, 
refurbished, 
or reused 
material 
usage   
% 5.50 23.22 25.00 9.65 5.80 0 100 N/A 25 
USGBC 
2013b 
0.33 
Regional/ 
local 
material 
Percentage of 
regional 
material 
usage  
% 35.43 64.88 65.90 22.08 38.00 0 100 N/A 50 
USGBC 
2013b 
0.33 
Indoor air 
quality 
improvement 
Low-
emitting 
material 
Percentage of 
compliant 
low emitting-
material 
% 85.23 63.76 64.68 90.30 93.23 0 100 N/A 90 
USGBC 
2013b 
1.00 
Acoustic 
comfort 
Sound 
resistance 
Sound 
transmission 
class rating  
NA 61.9 45 47 46 56 45 70 ICC 2012 55 
USGBC 
2013a 
0.90 
Sound 
absorption 
Noise 
reduction 
coefficient  
NA 0.05 0.05 0.05 0.05 0.05 0 1 N/A N/A N/A 0.10 
Fire safety 
Fire 
resistance 
Fire 
resistance 
rating  
hour 4 1 1 1 2 1 4 ICC 2012 N/A N/A 0.50 
Surface 
burning  
Flame spread 
class 
NA 
Class 
A 
Class 
A 
Class 
A 
Class 
A 
Class 
A 
Class C Class A ICC 2012 N/A N/A 0.50 
Cost saving Initial cost Initial cost  $ 72231 32760 35002 42836 47428 32760 72231 N/A N/A N/A 1.00 
a. Required insulation R-value for wood framing wall; first value is cavity insulation, second is continuous insulation or insulated 
siding, so “13+5” means R-13 cavity insulation plus R-5 continuous insulation or insulated siding.  
b. Required insulation R-value for mass wall.   
c. Required insulation R-value for steel framing wall; first value is cavity insulation, second is continuous insulation or insulated 
siding.  
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Table 4.6. Validation Results: PGDs of the Properties and VFDs of the Stakeholder Values of the 
Five Alternatives 
Stakeholder value Property 
PGDs of properties  VFDs of stakeholder values 
Alt. I Alt. II Alt. III Alt. IV Alt. V Alt. I Alt. II Alt. III Alt. IV Alt. V 
Waste pollution 
prevention 
Recycled waste 0.699 0.424 0.425 0.452 0.398 
0.305 0.180 0.326 0.362 0.156 
Reduced waste 0.000 0.017 0.234 0.269 0.000 
Energy 
conservation 
Thermal resistance 0.000 0.133 0.400 0.750 0.250 0.000 0.133 0.513 0.875 0.250 
Material 
conservation 
Recycled material 0.778 0.428 0.453 0.650 0.605 
0.442 0.461 0.480 0.347 0.365 
Reclaimed material 0.055 0.232 0.250 0.097 0.058 
Regional/local 
material 
0.354 0.649 0.659 0.221 0.380 
Indoor air quality 
improvement 
Low-emitting 
material 
0.852 0.638 0.647 0.903 0.932 0.852 0.638 0.647 0.905 0.948 
Acoustic comfort 
Sound resistance 0.676 0.000 0.080 0.040 0.440 
0.738 0.005 0.077 0.041 0.419 
Sound absorption 0.050 0.050 0.050 0.050 0.050 
Fire safety 
Fire resistance 1.000 0.000 0.000 0.000 0.333 
1.000 0.500 0.500 0.500 0.667 
Surface burning  1.000 1.000 1.000 1.000 1.000 
Cost saving Initial cost 0.000 1.000 0.943 0.745 0.628 0.000 1.000 0.943 0.745 0.628 
 
Table 4.7. Summary of Validation Results: Worths and Model-based Rankings of Alternatives 
Respondent 
Worths of alternatives Model-based rankings of alternatives 
Alt. I Alt. II Alt. III Alt. IV Alt. V Alt. I Alt. II Alt. III Alt. IV Alt. V 
1 0.498 0.449 0.666 0.850 0.673 4 5 3 1 2 
2 0.571 0.459 0.627 0.749 0.655 4 5 3 1 2 
3 0.537 0.258 0.409 0.493 0.486 1 5 4 2 3 
4 0.645 0.262 0.480 0.771 0.646 3 5 4 1 2 
5 0.401 0.304 0.519 0.605 0.529 4 5 3 1 2 
6 0.828 0.266 0.343 0.523 0.612 1 5 4 3 2 
7 0.168 0.515 0.743 0.815 0.475 5 3 2 1 4 
8 0.186 0.503 0.721 0.791 0.481 5 3 2 1 4 
9 0.978 0.638 0.708 0.789 1.021 2 5 4 3 1 
10 0.409 0.602 0.748 0.773 0.641 5 4 2 1 3 
11 0.723 0.334 0.349 0.476 0.596 1 5 4 3 2 
12 0.370 0.336 0.453 0.476 0.508 4 5 3 2 1 
13 0.169 0.384 0.590 0.610 0.400 5 4 2 1 3 
14 0.320 0.313 0.547 0.654 0.371 4 5 2 1 3 
15 0.634 0.429 0.602 0.769 0.698 3 5 4 1 2 
16 0.453 0.374 0.455 0.496 0.481 4 5 3 1 2 
17 0.648 0.366 0.472 0.622 0.668 2 5 4 3 1 
18 0.703 0.256 0.344 0.481 0.638 1 5 4 3 2 
19 0.584 0.436 0.533 0.630 0.689 3 5 4 2 1 
20 0.518 0.365 0.503 0.666 0.525 3 5 4 1 2 
21 0.551 0.306 0.516 0.773 0.663 3 5 4 1 2 
22 0.330 0.323 0.492 0.498 0.475 4 5 2 1 3 
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4.6.2.3 Correlation Results and Analysis 
The correlation between the stakeholder rankings and the model predictions was measured using 
Spearman’s Rank-Order Correlation. The results of the test were interpreted based on Spearman’s 
correlation coefficient (Spearman’s ρ) and the probability value (p-value). If Spearman’s ρ is 
positive, there is a positive correlation between the two sets of data. If the p-value is less than 0.05, 
this positive correlation is significant. A Spearman’s Rank-Order Correlation was conducted to 
check the overall correlation between the stakeholder rankings and the model-based rankings. The 
Spearman’s ρ is 0.882 and the p-value is 0, which indicates that, overall, the positive correlation 
between stakeholder rankings and the model-based rankings is very strong and significant at 0.01 
level. This shows that the proposed valuation model can predict stakeholder rankings, which 
indicates that the model is valid in valuating the value of a building object based on building 
properties and stakeholder values.  
4.6.3 Validation #2 – Validating Value Quantification, Subvaue Aggregation, and Object 
Value Aggregation Submodels  
A second validation was conducted to validate the value quantification, subvalue aggregation, and 
object value aggregation submodels. A set of stakeholders were invited to participate in one-to-
one interviews to rank a set of apartment building envelope system alternatives. The duplex 
apartment building model used in Validation #1 was used for the experiment.  
In this validation experiment, three major subsystems of the envelope system were identified and 
included in the experiment: exterior wall system, roofing system, and flooring system. Three 
additional alternatives (with different elements and properties) were developed in consultation 
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with two architectural designers. The information about the original design as well as the three 
alternative designs are summarized in Table 4.8.  
Table 4.8. Four Alternatives for Building Envelope System Design 
Aa Component Exterior wall Roof Floor (ground level) 
A
lt
er
n
at
iv
e 
I 
Name Concrete block wall Wood roof Concrete floor 
Structure/framing 8"x 8" x 16" Concrete block  2x12 Wood joists 5" Concrete slab on grade 
Interior sheathing 5/8"  Type X gypsum board 
2 Layers of  5/8" type X gypsum 
board 
5/8" Type X gypsum board 
Insulation 3" Fiberglass board rigid insulation 
2 Layers of 3" fiberglass board rigid 
insulation 
3" EPS rigid insulation 
Exterior sheathing N/A 3/4" Plywood sheathing 3/4" Plywood sheathing 
Substrate 1-5/8" Metal stud layer 1" Wood furring N/A 
Thermal/air layer 1" Air space 1" Air space N/A 
Membrane layer I 
(weather barrier) 
Asphalt felt paper 1/4" Roofing weather barrier N/A 
Membrane layer II 
(vapor retarder) 
0.002" Polyethylene sheet 
1/4" Roofing - ethylene propylene 
diene monomer membrane  
0.002" Polyethylene sheet 
Finish Brick veneer 2-1/2" Site-grass Carpet 
A
lt
er
n
at
iv
e 
 I
I 
Name Standard wood wall Wood roof Wood floor 
Structure/framing 2x4 Wood stud framing 2x12 Wood joists 2x12 Wood joists 
Interior sheathing 5/8" Type X gypsum board 5/8" Type X gypsum board 5/8” Type X gypsum board 
Insulation 
3-1/2" Rockwool batts cavity 
insulation with 1” extruded 
polystyrene rigid insulation 
6-1/4" Rockwool batts cavity 
insulation with 2” extruded 
polystyrene rigid insulation 
9-1/2" Rockwool batts cavity 
insulation 
Exterior sheathing 
1/2" Oriented strand board (OSB) 
sheathing 
1/2" OSB sheathing 5/8" Plywood sheathing 
Substrate NA 1" Wood furring N/A 
Membrane layer I 
(weather barrier) 
House wrap House wrap N/A 
Membrane layer II 
(vapor retarder) 
0.004" Polyethylene sheet 0.004" Polyethylene sheet 0.004" Polyethylene sheet 
Finish 
Woodboard shiplap edge panel 
siding 
Asphalt shingle Sheet vinyl 
A
lt
er
n
at
iv
e 
 I
II
 
Name Structured insulated panel (SIP) wall SIP Roof SIP Floor 
Structure/framing 
8-1/4" SIP with 7/16" OSB both 
faced and 7-3/8" expanded  
polystyrene (EPS) Insulation 
10-1/4" SIP with 7/16" OSB both 
faced and 9-3/8"EPS Insulation 
12-1/4" SIP with 7/16" OSB both 
faced and 11-3/8" EPS Insulation 
Interior sheathing 5/8" Type X gypsum board 5/8" Type X gypsum board 5/8" Type X gypsum board 
Insulation 7-3/8" EPS foam (counted in SIP) 9-3/8" EPS foam (counted in SIP) 11-3/8" EPS foam (counted in SIP) 
Exterior sheathing N/A N/A 5/8" Plywood sheathing 
Substrate 1" Wood furring 1" Wood furring N/A 
Membrane layer 
(weather barrier) 
House wrap House wrap N/A 
Finish Wood siding Wood shingle Hardwood floor 
A
lt
er
n
at
iv
e 
 I
V
 
Name Metal stud wall Metal roof Metal floor 
Structure/framing 16 ga x 6" Steel stud framing Steel joists Steel joists 
Interior sheathing 5/8" Type X gypsum board 5/8" Type X gypsum board 5/8" Type X gypsum board 
Insulation 
5-1/2" Foil-based fiberglass batts 
cavity insulation with 1-1/2" 
fiberglass board  insulation 
6-1/4" Foil-based fiberglass batt 
cavity insulation with 3" fiberglass 
board insulation 
9-1/2" Foil-based fiberglass batt 
cavity insulation 
Exterior sheathing 1/2" OSB sheathing 1/2" OSB sheathing 1/2" OSB sheathing 
Substrate NA 7/8" Metal furring channel 7/8" Metal furring channel 
Thermal/air layer 2" Air space N/A N/A 
Membrane layer I 
(weather barrier) 
Asphalt felt paper Asphalt felt paper N/A 
Membrane layer II 
(vapor retarder) 
Included in foil-faced fiberglass batts Included in foil-faced fiberglass batts Included in foil-faced fiberglass batts 
Exterior finish Brick veneer Metal shingle Carpet 
a: “A” stands for alternative 
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4.6.3.1 Soliciting Stakeholder Opinion on Importances of Values and Ranking of Alternatives 
A set of one-to-one stakeholder interviews were conducted to solicit stakeholder opinions on (1) 
the importances of the relevant stakeholder values (shown in Figure 4.4), and (2) the ranking of 
the four envelope system alternatives. The target participants were responsible (e.g., facility 
managers), impacted (e.g., building occupants), and interested (e.g., environmentalists) 
stakeholders of apartment buildings in the state of Illinois. Potential participants were sampled 
from different online sources, including websites, online address books, school address books, 
mailing lists, etc.  
Similar with Validation # 1, each stakeholder interview was composed of three parts: a short 
presentation by the interviewer (the author) to introduce the research purpose, a walkthrough of 
the design details and the properties of the four envelope system alternatives, and a questionnaire 
survey to solicit stakeholder responses. The questionnaire was composed of three sections. Section 
1 aimed at acquiring respondent information, including stakeholder group, age, gender, 
educational background, ethnicity, and working/studying/living location. In Section 2, respondents 
were requested to rate the importance degrees of the relevant stakeholder values (shown in Figure 
4.4) to them in the context of apartment buildings. A six-point Likert scale was used to capture the 
responses (5 = extremely important, 4 = very important, 3 = important, 2 = moderately important, 
1 = slightly important, and 0 = not at all important). In Section 3, respondents were asked to rank 
the four envelope system alternatives from best to worst, based on the properties of the subsystems 
of the alternatives and how the alternatives fulfill their own stakeholder values. The information 
about the design and properties of the four alternatives was provided to the respondents. A total of 
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22 stakeholders participated in the interviews. The results of the stakeholder rankings are presented 
in Table 4.9 (Zhang and El-Gohary 2016).  
Table 4.9. Rankings of Alternatives by Stakeholders 
Respondent 
Rankings of alternatives by respondents 
Alt. I Alt. II Alt. III Alt. IV 
1 2 4 3 1 
2 4 3 1 2 
3 3 4 1 2 
4 3 4 1 2 
5 4 2 1 3 
6 3 4 1 2 
7 4 2 1 3 
8 3 4 1 2 
9 2 4 3 1 
10 2 4 1 3 
11 3 4 1 2 
12 3 4 1 2 
13 4 1 2 3 
14 2 4 3 1 
15 3 4 2 1 
16 1 4 3 2 
17 3 4 2 1 
18 2 4 3 1 
19 4 2 1 3 
20 2 4 1 3 
21 3 4 1 2 
22 4 2 1 3 
 
4.6.3.2 Model-Based Analysis and Predicted Ranking of Alternatives  
The data and the results of the model-based analysis of the four alternatives, are summarized in 
Table 4.10, Table 4.11, Table 4.12, and Table 4.13. The value fulfillment degrees of the parts were 
calculated based on Eq. (4.1) to Eq. (4.8). The object value importances were determined based on 
the different approaches proposed in the Object Value Importance (OVI) Determination Section, 
and were normalized based on Eq. (4.9). The object integration goodness degrees and the object 
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value mismatch degrees were calculated based on Eq. (4.10) to (4.12) and Eq. (4.13), respectively. 
The value fulfillment degrees of the wholes were then calculated using Eq. (4.14), and 0.5 𝛽 and 
𝛾 coefficients were used, which represent mid-extents of rewarding good object integration and 
penalizing object value mismatches, respectively. The worths of the four alternatives were then 
calculated using Eq. (4.16), and a 0.5 𝛿 was used, which represents a mid-extent of rewarding 
system synergy. Finally, the four alternatives were ranked based on their worths, in descending 
order (Zhang and El-Gohary 2016). 
Table 4.10. Validation Data: Value Fulfillment Degrees (Parts) and Object Value Importances 
Stakeholder 
value 
VFDs (parts) of stakeholder values OVIs 
Alt. I Alt. II Alt. III Alt. IV 
Wall Roof Floor 
Wall Roof Floor Wall Roof Floor Wall Roof Floor Wall Roof Floor 
Waste 
pollution 
prevention 
0.308 0.209 0.291 0.232 0.214 0.338 0.363 0.348 0.355 0.257 0.261 0.251 0.510 0.250 0.240 
Energy 
conservation 
0.100 0.108 0.118 0.500 0.396 0.375 0.851 0.833 0.813 0.250 0.296 0.250 0.200 0.500 0.300 
Material 
conservation 
0.442 0.405 0.396 0.461 0.511 0.538 0.347 0.353 0.388 0.365 0.442 0.457 0.510 0.250 0.240 
Indoor air 
quality 
improvement 
0.802 0.757 0.782 0.638 0.689 0.678 0.905 0.845 0.886 0.948 0.962 0.968 0.510 0.250 0.240 
Acoustic 
comfort 
0.738 0.473 0.650 0.041 0.221 0.164 0.041 0.149 0.257 0.419 0.581 0.704 0.510 0.250 0.240 
Fire safety 1.000 1.000 1.000 0.500 0.500 0.000 0.500 0.500 0.000 0.667 0.667 0.333 0.550 0.250 0.200 
Cost saving 0.000 0.000 0.000 1.000 1.000 1.000 0.745 0.172 0.160 0.628 0.204 0.148 0.500 0.232 0.268 
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Table 4.11. Validation Data: Object Integration Goodness Degrees and Object Value Mismatch 
Degrees 
Stakeholder 
value 
Component 
combinations 
OIGDs of alternatives OVMDs of alternatives 
Alt. I Alt. II Alt. III Alt. IV Alt. I Alt. II Alt. III Alt. IV 
Waste 
pollution 
prevention 
Wall & roof 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Wall & floor 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Roof & floor 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Energy 
conservation 
Wall & roof 0.133 0.200 0.733 0.133 0.000 0.000 0.000 0.000 
Wall & floor 0.133 0.200 0.733 0.133 0.000 0.000 0.000 0.000 
Roof & floor 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Material 
conservation 
Wall & roof 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Wall & floor 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Roof & floor 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Indoor air 
quality 
improvement 
Wall & roof 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Wall & floor 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Roof & floor 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Acoustic 
comfort 
Wall & roof 0.880 0.750 0.800 0.850 0.010 0.014 0.004 0.003 
Wall & floor 0.880 0.750 0.800 0.850 0.000 0.004 0.016 0.011 
Roof & floor 0.000 0.000 0.000 0.000 0.006 0.002 0.005 0.003 
Fire safety 
Wall & roof 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Wall & floor 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Roof & floor 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cost saving 
Wall & roof 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Wall & floor 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Roof & floor 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
 
Table 4.12. Validation Results: Value Fulfillment Degrees (Whole) 
Stakeholder value 
VFDs (whole) of alternatives 
Alt. I Alt. II Alt. III Alt. IV 
Waste pollution prevention 0.279 0.253 0.358 0.257 
Energy conservation 0.114 0.435 0.989 0.283 
Material conservation 0.422 0.492 0.359 0.406 
Indoor air quality improvement 0.786 0.660 0.885 0.956 
Acoustic comfort 0.839 0.137 0.143 0.659 
Fire safety 1.000 0.400 0.400 0.600 
Cost saving 0.000 1.000 0.455 0.401 
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Table 4.13. Summary of Validation Results: Worths and Model-Based Rankings of Alternatives  
Respondent 
Worths of alternatives Model-based rankings of alternatives 
Alt. I Alt. II Alt. III Alt. IV Alt. I Alt. II Alt. III Alt. IV 
1 0.795 0.541 0.610 0.873 2 4 3 1 
2 0.544 0.387 0.830 0.675 3 4 1 2 
3 0.511 0.480 0.732 0.623 3 4 1 2 
4 0.605 0.395 0.627 0.669 3 4 2 1 
5 0.110 0.580 0.581 0.158 4 2 1 3 
6 0.722 0.385 0.743 0.701 2 4 1 3 
7 0.160 0.549 0.550 0.185 4 2 1 3 
8 0.615 0.408 0.883 0.704 3 4 1 2 
9 0.891 0.386 0.671 0.892 2 4 3 1 
10 0.583 0.369 0.624 0.535 2 4 1 3 
11 0.587 0.514 0.809 0.691 3 4 1 2 
12 0.603 0.591 0.823 0.620 3 4 1 2 
13 0.319 0.580 0.509 0.279 3 1 2 4 
14 0.860 0.344 0.686 0.785 1 4 3 2 
15 0.572 0.561 0.812 0.650 3 4 1 2 
16 0.628 0.485 0.575 0.735 2 4 3 1 
17 0.747 0.391 0.612 0.698 1 4 3 2 
18 0.724 0.464 0.483 0.754 2 4 3 1 
19 0.316 0.452 0.596 0.214 3 2 1 4 
20 0.668 0.444 0.736 0.595 2 4 1 3 
21 0.302 0.515 0.631 0.216 3 2 1 4 
22 0.414 0.469 0.550 0.480 4 3 1 2 
 
4.6.3.3 Correlation Results and Analysis  
The correlation between the stakeholder rankings and the model predictions was measured using 
Spearman’s Rank-Order Correlation. The results of the test were interpreted based on Spearman’s 
correlation coefficient (Spearman’s ρ) and the probability value (p-value). In this experiment, the 
Spearman’s ρ is 0.855 with a p-value of 0.000, which indicates that, overall, the positive correlation 
between the stakeholder rankings and the model-based rankings of the alternatives is very strong 
and significant at 0.01 level. This shows that the proposed object value aggregation model can 
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predict stakeholder rankings, which indicates that the model is valid in aggregating the value 
(worth) of the whole (building system or building supersystem) to the stakeholders based on the 
values (worths) of the parts (building subsystems or building components) to the stakeholders 
(Zhang and El-Gohary 2016).  
4.7 Limitations of the Valuation Model  
The proposed valuation model has been validated using the two initial validation experiments, as 
well as a set of case studies for different types of buildings (as discussed in Chapter 6 - Case 
Studies on Value Analysis). However, two main limitations of the proposed valuation model and 
the validation approach are acknowledged. First, the validation model was developed using a 
deterministic approach. This is based on the assumption that no random variations exist in human 
values and building properties. However, a variety of uncertainties could exist in building 
properties and human values. For example, the thermal properties of an insulation material could 
degrade over time. Therefore, in future research, probabilistic models could be used to better model 
the complexities and uncertainties involved in building value analysis. Second, the validation 
approach requires stakeholder judgement/rankings of a set of design alternatives with different 
properties. Although clear instructions and explanations were given during the interviews and the 
stakeholders confirmed that they had enough information/knowledge to make the judgements, 
some unconscious biases or irrationalities may have been involved in the stakeholder rankings. In 
future research, to solicit stakeholder input – about the ranking of design alternatives for validation 
– in a more systematic and effective manner, other methods such as the Analytical Hierarchy 
Process (AHP) could be used.  
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CHAPTER 5 - IFC SCHEMA EXTENSION, INFORMATION EXTRACTION, AND 
AUTOMATED VALUE ANALYSIS PROTOTYPE SYSTEM DEVELOPMENT 
This chapter presents the completed work of Research Task #4-IFC Schema Extension, 
Information Extraction, and Automated Value Analysis Prototype System Development. The 
following sections discuss the proposed method for IFC schema extension, IFC-based BIM 
information extraction, and automated value analysis prototype system development.  
5.1 Proposed Method for IFC Schema Extension and IFC-Based BIM Information 
Extraction  
The proposed method for IFC schema extension and IFC-based BIM information extraction 
includes two main phases (as per Figure 5.1): (1) IFC schema extension: extending the existing 
IFC schema (IFC4-Addendum 1) to cover additional value-specific concepts, and (2) BIM 
information extraction: extracting value-specific information from an IFC-based BIM instance 
model to support further multidimensional value analysis.  
IFC Schema 
Extension
Input:
IFC Schema
Extended 
IFC Schema
BIM Information 
Extraction
Extended 
IFC File
Extracted 
Value-Specific 
Information
 
Figure 5.1. Proposed Method for IFC Schema Extension and IFC-Based BIM Information 
Extraction 
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5.1.1 IFC Schema Extension  
The value (worth) of a building (or a building object) is quantified and analyzed based on its 
properties (e.g., sound resistance, recycled material, fire resistance). However, the existing IFC 
schema does not cover sufficient information on building objects and their properties to fully 
support a multidimensional value analysis. For example, to analyze the degree that a wall fulfills 
indoor air quality improvement (stakeholder value), there is a need to understand how good the 
low-emitting material (property) of the wall is. Such information is missing from the IFC schema. 
Therefore, IFC schema extension aims to extend the existing IFC schema (IFC4-Addendum 1) to 
cover entities and property sets that support a comprehensive building value analysis. This section 
discusses the method of IFC schema extension, which includes two main steps: (1) identifying and 
analyzing the entities and property sets that support value analysis in the existing IFC schema 
(IFC4-Addendum 1), and (2) identifying and adding the missing, but needed, value-specific 
entities and property sets to the IFC schema.  
5.1.1.1 Analysis of the Coverage of the Existing IFC Schema 
Based on an analysis of the most updated IFC schema (IFC4-Addendum 1), the existing IFC 
schema covers (1) building objects including building elements (e.g., IfcWall, IfcDoor, 
IfcColumn), distribution elements (e.g., IfcDuctSegment, IfcChiller, IfcHeatExchanger), opening 
elements (e.g., IfcOpeningElement), furnishing elements (e.g., IfcFurniture), and transportation 
elements (e.g., IfcStair); and (2) the property sets of each of these building objects, such as 
Pset_WallCommon, Pset_ColumnCommon, Pset_DuctSegmentTypeCommon, 
Pset_FurnitureTypeCommon, and Pset_StairCommon. The mapping of building objects covered 
in the IFC schema to the ones in the proposed value bearer hierarchy (Figure 4.2) is partially 
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summarized in Table 5.1. The property sets of the building objects include properties that are 
associated with the specific building objects. For example, Pset_WallCommon includes a set of 
properties such as Reference, Status, AcousticRating, FireRating, SurfaceSpreadOfFlame, and 
ThermalTransmittance that are associated with IfcWall. Some of these properties can be used in 
quantifying the degree that a building object fulfills a certain stakeholder value. For example, 
AcousticRating of an IfcWall can be used in assessing a wall in fulfilling acoustic comfort 
(stakeholder value). The properties in the Pset_WallCommon that can be used in conducting value 
analysis are shown in Table 5.2. However, to support a multidimensional value analysis based on 
multiple stakeholder values and various properties, there is a need to extend the IFC schema to 
include (1) additional entities for representing building objects (e.g., parking facilities, lighting 
poles), and (2) additional properties in each of the property sets (e.g., noise reduction coefficient). 
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Table 5.1. Mapping of Building Objects between Proposed Value Bearer Hierarchy and IFC 
Schema 
Superconcept Subconcept IfcEntity 
Site and 
landscape 
system Landscape system IfcGeographicElement 
Structural 
system 
Lateral system IfcBeam, IfcColumn 
Gravity system IfcBeam, IfcColumn 
Foundation system IfcFooting 
Envelope 
system 
Exterior wall system  IfcWall 
Exterior flooring system  IfcSlab 
Roofing system IfcRoof 
Fenestration system IfcWindow, IfcDoor 
Interior system 
Interior wall system IfcWall 
Interior flooring system IfcSlab 
Ceiling system IfcCovering 
Furnishing  IfcFurnishingElement 
Mechanical 
system 
Heating system 
IfcElectricHeater, IfcSpaceHeater, IfcBoiler, 
IfcHeatExchanger 
Refrigeration system 
IfcChiller, IfcCoolingTower, IfcEvaporator, 
IfcCondenser 
Space conditioning system 
IfcCoil, IfcFilter, IfcAirTerminal, IfcAirTerminalBox, 
IfcAirToAirHeatRecovery, IfcDuctSegment, 
IfcDamper, IfcFan 
Electrical 
system 
Power system 
IfcElectricGenerator, IfcElectricDistributionBoard, 
IfcElectricFlowStorageDevice, IfcCableSegment, 
IfcCableFitting 
Vertical transportation 
system  IfcTransportElement 
Interior lighting system IfcLightingFixture, IfcLamp 
Communication system IfcCommunicationsAppliance 
Instrumentation and 
control system IfcController, IfcActuator, IfcAudioVisualAppliance 
Metering system IfcFlowMeter 
Plumbing 
system 
Potable water supply 
system IfcSanitaryTerminal, IfcPipeFitting, IfcPipeSegment  
Domestic hot water supply 
system IfcBoiler, IfcPipeFitting, IfcPipeSegment  
Sanitary sewer system IfcSanitaryTerminal, IfcPipeFitting, IfcPipeSegment  
Stormwater system IfcTank, IfcPipeFitting, IfcPipeSegment  
Fire protection 
system 
Fire detection and alarm 
system IfcAlarm, IfcSensor 
Fire suppression system IfcFireSuppressionTerminal 
Smoke control system IfcSensor, IfcDamper, IfcFan 
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Table 5.2. Existing Value-Related Properties in Pset_WallCommon 
Name Property type Data type Stakeholder value 
AcousticRating P_SINGLEVALUE IfcLabel Acoustic comfort 
FireRating P_SINGLEVALUE IfcLabel Fire safety 
Combustible P_SINGLEVALUE IfcBoolean Fire safety 
SurfaceSpreadOfFlame P_SINGLEVALUE IfcLabel Fire safety 
ThermalTransmittance P_SINGLEVALUE IfcThermalTransmittanceMeasure Energy conservation 
 
5.1.1.2 Identification and Classification of Value-Specific Concepts 
In this thesis, value-specific concepts are defined as the concepts that support value analysis of an 
object based on its properties. In the context of a building information model, value-specific 
concepts refer to the entities that represent any object that is within a holistic building system and 
the properties that can be used in quantifying the value of the objects based on stakeholder values. 
Therefore, in this thesis, IFC schema extension focuses on extending the coverage of existing IFC 
schema in terms of building object entities and properties in their property sets.  
5.1.1.2.1 Identification and Classification of Entities 
First, the building system is considered from a more holistic perspective. A holistic building 
system not only includes the basic building objects that are covered under IfcProduct in the existing 
IFC schema, but also includes a variety of external environment elements that may affect or be 
affected by the building (Kesik 2014), such as the site where the building is located and the water 
distribution system that connects to the building. Including these elements in the IFC schema is 
critical in supporting a comprehensive value analysis. For example, there is a need to assess 
lighting power density (property) of exterior lighting on site in fulfilling lighting pollution 
prevention (stakeholder value). Figure 5.2 shows an entity inheritance diagram that includes a 
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partial set of identified entities that are proposed to be added to the IFC schema.  These entities 
were extracted based on a comprehensive review of literature on building products and holistic 
building systems (e.g., Kesik 2014; MIT 2001). The proposed entities were then classified and 
grouped under three main categories: IfcGeographicElement, IfcSiteElement, and 
IfcCivilElement, 
IfcGeographicElement is an existing entity in the IFC schema that requires further extension. It 
represents a generalization of all elements within a geographical landscape (buildingSMART 
2016). Four subtypes were added, which are IfcSoil, IfcHabitatElement, IfcWaterBodyElement, 
and IfcLandscapeElement. IfcSoil refers to the mixture of minerals, organic matter, gases, liquids, 
and organisms that support life on earth. IfcHabitatElement represents a generalization of all 
elements within an ecological or environmental area that is near the building. It includes all 
occurrences of typical habitat systems, such as forest, grassland, desert, etc. IfcWaterBodyElement 
represents a generalization of all elements that are significant accumulation of water, such as river, 
lake, wetland, etc. IfcLandscapeElement represents a generalization of all elements within a 
building’s landscape system that supports the environmental or aesthetical outcomes of 
landscaping, such as vegetation and irrigation systems.  
IfcSiteElement is a new entity that is added to the IFC schema to represent the facilities or 
structures on site that support occupant activities. It has subtypes such as IfcParkingElement, 
IfcExteriorLightingElement, IfcWasteCollectionElement, and IfcPlaygroundElement. 
IfcParkingElement represents a generalization of all elements within an area that is intended for 
parking vehicles or storing bicycles. IfcExteriorLightingElement represents a generalization of all 
elements that provide exterior sources of light at or near a building site. 
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IfcWasteCollectionElement represents a generalization of all elements that temporarily collect and 
store waste on site, such as recycling bins and dumpsters. IfcPlayGroundElement represents a 
generalization of all elements within an area that is intended for different recreational activities.  
IfcCivilElement is an existing entity in the IFC schema, which is a generalization of all elements 
within civil engineering works (buildingSMART 2016). However, detailed subtypes are not 
covered by the existing IFC schema, and future extensions are still needed (buildingSMART 
2016). Therefore, seven subtypes were added to cover typical civil engineering works that are 
relevant to buildings: IfcRoadElement, IfcBridgeElement, IfcTunnelElement, 
IfcTrafficControlElement, IfcWaterSupplyandSewerageElement, IfcElectricGridElement, and 
IfcTelecommunicationElement. IfcRoadElement represents a generalization of all elements within 
a road system that surrounds a building to allow travel on foot or other forms of transportation. It 
includes all occurrences of typical road works, such as road segments, sidewalk segments, 
pavement, and curbs. IfcBridgeElement represents a generalization of all elements within a bridge 
that provides a passage over the obstacles (e.g., water body, valley, road) near a building. It 
includes all occurrences of typical bridge works, such as bridge segments, bridge abutments, and 
bridge cables.  IfcTunnelElement represents a generalization of all elements within a tunnel that 
provides an underground or underwater passage near a building. It includes all occurrences of 
typical tunnel works, such as tunnel segments and tunnel linings. IfcDamElement represents a 
generalization of all elements that serve as a barrier that impounds water or underground streams 
near a building. IfcLeveeElement represents a generalization of all elements that are either 
naturally occurred or artificially constructed to regulate water levels near a building. 
IfcTrafficControlElement represents a generalization of all elements that control the flows of 
traffic, such as traffic lights and traffic signs. IfcWaterSupplyAndSewerageElement represents a 
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generalization of all elements within a water supply and sewerage system that connects a 
building’s water-used service elements (e.g., heating, cooling, plumbing system) with the 
municipal water supply and sewerage system, such as pipe segments, street gutters, sewers, and 
culverts. IfcElectricGridElement represents a generalization of all elements within an electric 
power distribution system that connects and distributes electricity from the supplier to the 
building’s electrical service elements (e.g., electrical system, mechanical system), such as utility 
poles, high-voltage transmission lines, etc.  IfcTelecommunicationElement represents a 
generalization of all elements within a telecommunication system that allows for transmission or 
exchange of information among building users and connects them to others elsewhere in the world, 
such as telecommunication controller, telecommunication cables, etc.  
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Figure 5.2. Proposed Entities to Add in the IFC Schema 
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5.1.1.2.2 Identification of Properties in the Property Sets 
Second, the property sets of each of the building objects were extended to support more 
comprehensive value analysis. For example, low-emitting material (property) needs to be added 
in the Pset_WallCommon to quantify the degree that a wall fulfills indoor air quality (stakeholder 
value). Similarly, condensation resistance (property) needs to be added in the 
Pset_DoorWindowGlazeCommon to quantify the degree that a window fulfills moisture comfort 
(stakeholder value). The extension of the property sets focuses on the properties of the core 
building objects in an architectural building information model, including the walls, roofs, slabs, 
windows, doors, stairs, etc. A total of 129 properties were added to the property sets of these core 
building objects. The numbers of properties that were added to each of the building objects are 
shown in Table 5.3.  As an example, Table 5.4 includes a partial set of the properties that were 
added in the Pset_WallCommon.  
Table 5.3. Number of Properties Added to Each of the Building Objects 
IfcEntity Property set Number of properties added  
IfcWall Pset_WallCommon 13 
IfcSlab Pset_SlabCommon 12 
IfcRoof Pset_RoofCommon 14 
IfcWindow Pset_WindowCommon 8 
IfcWindow, IfcDoor Pset_DoorWindowGlazingType 9 
IfcDoor Pset_DoorCommon 8 
IfcCovering 
Pset_CoveringCeiling 8 
Pset_CoveringCommon 8 
Pset_CoveringFlooring 8 
IfcFurniture 
Pset_FurnitureTypeCommon 6 
Pset_FurnitureTypeChair 6 
Pset_FurnitureTypeDesk 6 
Pset_FurnitureTypeFileCabinet 6 
 Pset_FurnitureTypeTable 6 
IfcStairCommon Pset_StairCommon 11 
Total number of properties added 129 
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Table 5.4. Partial Set of Properties Added In the Pset_Wallcommon for Value Analysis 
Name Property type Data type Description 
Related 
stakeholder 
value 
NoiseReductionCoe
fficient 
P_SINGLE-
VALUE 
IfcReal 
It indicates the effectiveness of a surface 
material in absorbing sound (Audimute 
2016).  
Acoustic 
comfort 
Infiltration 
P_SINGLE-
VALUE 
IfcReal 
It indicates the volumetric flow rate of 
unintentional or accidental introduction 
of outside air into a building (ASHRAE 
2005) 
Energy 
conservation 
WindowWallRatio 
P_SINGLE-
VALUE 
IfcPositiveRati
oMeasure 
It is the measure of the percentage area 
of the building's total glazed area 
divided by its exterior envelope wall 
area (WHPCB 2016). 
Energy 
conservation, 
daylight and 
views 
WindLoadRating 
P_SINGLEV
ALUE  
IfcLabel 
It indicates the wind load resistance 
rating for this object, which is provided 
based on national building code or 
regulations (buidingSMART 2016). 
Safety 
MechanicalLoadRat
ing 
P_SINGLEV
ALUE 
IfcLabel 
It indicates the mechanical load rating 
for this object, which is provided based 
on national building code or regulations 
(buildingSMART 2016). 
Safety 
HygrothermalRating 
P_SINGLEV
ALUE 
IfcLabel 
It indicates the resistance against 
hygrothermal impact from different 
temperatures and humidity inside and 
outside, which is provided based on 
national building code or regulations 
(buildingSMART 2016). 
Moister 
comfort 
ReusedMaterial 
P_SINGLE-
VALUE 
IfcPositiveRati
oMeasure 
It indicates the ratio of the cost of 
salvaged, refurbished, or reused 
materials, to the total cost of materials of 
this object (USGBC 2009). 
Material 
conservation 
RecycledMaterial 
P_SINGLE-
VALUE 
IfcPositiveRati
oMeasure 
It indicates the ratio of the cost of 
materials with recycled content, which 
equals to the sum of postconsumer 
recycled content plus 1/2 of the 
preconsumer content, to the total cost of 
materials of this object (USGBC 2009). 
Material 
conservation 
RegionalMaterial 
P_SINGLE-
VALUE 
IfcPositiveRati
oMeasure 
It indicates the ratio the cost of materials 
that have been extracted, harvested or 
recovered, as well as manufactured, 
within 500 miles of the project site, to 
the total cost of materials of this object 
(USGBC 2009). 
Material 
conservation 
VolatileOrganicEmi
ssions 
P_SINGLE-
VALUE 
IfcReal 
It indicates the emissions of volatile 
organic compounds (VOCs), which are 
carbon compounds that participate in 
atmospheric photochemical reactions 
and vaporize at normal room 
temperatures, by the object (USGBC 
2009).  
Indoor air 
quality 
improvement 
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Table 5.4. (cont.) Partial Set of Properties Added In the Pset_Wallcommon for Value Analysis 
Name Property type Data type Description 
Related 
stakeholder 
value 
LowEmittingMateri
al 
P_SINGLE-
VALUE 
IfcPositiveRati
oMeasure 
It indicates the ratio of the volume (or 
weight) of materials with low volatile 
organic compound (VOC) emissions 
into indoor air, as within the VOC limit 
in applicable regulations, to the total 
volume (or weight) of materials of this 
object (USGBC 2009).  
Indoor air 
quality 
improvement 
RecycledWaste 
P_SINGLE-
VALUE 
IfcPositiveRati
oMeasure 
It indicates the ratio of the volume (or 
weight) of recycled nonhazardous 
construction and demolition debris to the 
total volume (or weight) of materials of 
this object (USGBC 2009).  
Waste pollution 
prevention 
Cost 
P_SINGLE-
VALUE 
IfcReal 
It indicates the total estimated 
construction cost of the object. 
Cost saving 
 
5.1.2 BIM Information Extraction 
BIM information extraction aims to extract the information elements about building objects and 
their properties based on the extended IFC schema. This section discusses the method of BIM 
information extraction, which includes the following main steps: (1) identifying the target design 
information and defining their representation data structure; (2) manually analyzing the design 
information in an IFC-based BIM instance model based on the IFC schema; (3) developing an 
algorithm to extract the target IFC data instances from the IFC-based BIM instance model; (4) 
implementing the algorithm in extracting the target IFC data instances from an IFC instance model, 
and (5) verifying that the extracted information does not miss any value-specific information. .  
5.1.2.1 Target Information Identification 
This step aims to identify the target design information in an IFC-based BIM instance model and 
to define their representation data structure. As discussed in the previous sections, to analyze the 
value of a building, there is a need to extract information on the building objects that compose this 
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building and the value-specific properties of these building objects. Therefore, in an IFC-based 
BIM model, the target information is: (1) the identifier (ID) numbers of the IfcObject instances, 
(2) the attributes associated with IfcObject instances, including building object names and building 
object types, and (3) the attributes associated with the value-specific IfcProperty instances, 
including property names and property nominal values. The target information is stored in an 
information dictionary, which is a self-defined data structure. An example of an item in the 
information dictionary is presented in Table 5.5.  
Table 5.5. An Example of an Item in the Information Dictionary 
Instance 
ID 
number 
Building 
object 
name 
Building 
object 
type 
Property name Property nominal value 
6215 
Basic 
Wall: 
Exterior 
Brick on 
Block: 
138062 
Basic 
Wall: 
Exterior  
Brick on 
Block: 
130892 
Area IFCAREAMEASURE(146.5166264) 
Volume IFCVOLUMEMEASURE(200.4509) 
Length IFCLENGTHMEASURE(330.0393) 
Unconnected Height IFCLENGTHMEASURE(122.0472) 
LoadBearing IFCBOOLEAN(.F.) 
ExtendToStructure IFCBOOLEAN(.F.) 
IsExternal IFCBOOLEAN(.T.) 
FireRating IFCLABEL('4 HR') 
SurfaceSpreadOfFlame IFCLABEL(CLASS A) 
Combustible IFCBOOLEAN(.F.) 
AcousticRating IFCREAL(61.9) 
Cost IFCREAL(8142.99) 
NoiseReductionCoeffic
ient 
IFCREAL(0.05) 
ThermalTransmittance 
IFCTHERMALTRANSMITTANCEMEASU
RE(0.0769) 
ReusedMaterial IFCPOSITIVERATIOMEASURE(5.5) 
RecycledMaterial IFCPOSITIVERATIOMEASURE(77.75) 
RegionalMaterial IFCPOSITIVERATIOMEASURE(35.43) 
LowEmittingMaterial IFCPOSITIVERATIOMEASURE(85.23) 
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5.1.2.2 Analysis of IFC Information Elements and Relationships 
This step aims to analyze the design information in an IFC-based BIM instance model based on 
the IFC schema; it aims to identify the types of information elements to be extracted and their 
interrelationships. As per Table 5.5, to support value analysis, the target information is instances 
of IfcObject and IfcProperty. To extract the target information, relationships between IfcObject 
and IfcProperty in an IFC-based BIM instance model need to be analyzed. 
In an IFC instance model, according to the IFC schema, building objects (i.e., IfcObject) and their 
properties (i.e., IfcProperty) are linked directly and indirectly in two ways, as illustrated using the 
EXPRESS-G diagrams in Figure 5.3 and Figure 5.4. First, as per Figure 5.3, they are linked directly 
by IfcRelDefinesByProperties. IfcRelDefinesByProperties is an objectified relationship that 
defines the relationship between property sets and objects (buildingSMART 2016). In the IFC 
instance model, each instance of IfcRelDefinesByProperties relates a specific instance of a 
property set (IfcPropertySetDefinition) to a specific instance of a building object 
(IfcObjectDefinition).  For example, a specific instance of IfcPropertySet can be related to a 
specific instance of IfcWall through IfcRelDefinesByProperties. Second, as per Figure 5.4, 
building objects and their properties are linked indirectly through IfcRelDefinesByType. 
IfcRelDefinesByType defines the relationship between an object type and object occurrences. The 
IfcRelDefinesByType is a one-to-N relationship. It allows for the assignment of one type 
information to one or more objects. Therefore, these objects share the same object type, as well as 
the property sets (and properties) assigned to the object type (buildingSMART 2016). For example, 
multiple instances of IfcWall can be related to an instance of IfcWallType through 
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IfcRelDefinesByType, and all these instances of IfcWall share the same property sets (and 
properties) assigned to the specific instance of IfcWallType.  
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Figure 5.3. Direct Relationships between IfcObject and IfcProperty 
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Figure 5.4. Indirect Relationships between IfcObject and IfcProperty 
 
5.1.2.3 Information Extraction Algorithm Development 
This step aims to develop an algorithm to extract the target information. The algorithm relies on 
the IFC schema and the internal data structure of the IFC-based BIM model to recursively extract 
IFC data instances based on its internal relations with other instances. A process chart that 
illustrates the developed algorithm in extracting the target information through the direct link of 
IfcRelDefinesByProperties and the indirect link of IfcRelDefinesByType is presented in Figure 
5.5. As per Figure 5.5, the algorithm first extracts all instances of IfcRelDefinesByProperties and 
IfcRelDefinesByType, respectively. It then recursively iterates through (1) IfcObject and 
IfcPropertySet instances (that the IfcRelDefinesByProperties instances refer to), and (2) IfcObject 
 156 
 
 
and IfcTypeObject instances (that the IfcRelDefinesByType instances refer to), until all referred 
data instances are extracted. Subsequently, the attributes of IfcObject including object names and 
types are extracted from the IfcObject instances; and the attributes of IfcProperty including 
property names and property nominal values are extracted from the IfcProperty instances. For the 
same building object, the property names and nominal values that are extracted through direct and 
indirect links are then combined and added to the same item in the information dictionary based 
on the ID number of the building object. Once all the property names and nominal values of each 
building object are extracted, filtering of value-specific properties is conducted by matching the 
names of the extracted properties with those in a predefined list. The predefined list includes the 
names of all the non-value-specific properties (i.e., properties that are not needed for value 
analysis). Such non-value-specific properties are then removed from the extracted information.  
 157 
 
 
Start
Initialize variables; 
Read IFC-based BIM 
instance model file 
Extract data 
instances of 
IfcRelDefinesByProp
erties
Extract ID numbers 
of IfcObject and 
IfcPropertySet 
instances from the 
extracted 
IfcRelDefinesByProp
erties instances
Find instances of 
IfcObject based on 
ID numbers of 
IfcObject instances
Find instances of 
IfcPropertySet based 
on  ID numbers of 
IfcPropertySet 
instances
Extract object 
names and object 
types from the 
IfcObject instances
Extract ID numbers 
of IfcProperty 
instances from the 
extracted 
IfcPropertySet 
instances
Extract property 
names and property 
nominal values from 
the IfcProperty 
instances
Find instances of 
IfcProperty based on 
the ID numbers of 
IfcProperty 
instances
End
Extract data 
instances of 
IfcRelDefinesByType
Extract ID numbers 
of IfcObject and 
IfcTypeObject 
instances from the 
extracted 
IfcRelDefinesByType 
instances
Find instances of 
IfcObject based on 
ID numbers of 
IfcObject instances
Find instances of 
IfcTypeObject based 
on  ID numbers of 
IfcTypeObject 
instances
Find instances of 
IfcPropertySet based 
on  ID numbers of 
IfcPropertySet 
instances
Extract ID numbers 
of IfcProperty 
instances from the 
extracted 
IfcPropertySet 
instances
Find instances of 
IfcProperty based on 
the ID numbers of 
IfcProperty 
instances
Extract property 
names and property 
nominal values from 
the IfcProperty 
instances
Extract ID numbers 
of IfcPropertySet 
instances from the 
extracted 
IfcTypeObject 
instances
Extract object 
names and object 
types from the 
IfcObject instances
Remove property names 
and property nominal 
values if the property 
names match with one of 
the instances in the 
predefined list 
Remove property names 
and property nominal 
values if the property 
names match with one of 
the instances in the 
predefined list 
 
Figure 5.5. Flow Chart of the BIM Information Extraction Algorithm 
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Figure 5.6(a) and (b) illustrate examples of using the extraction algorithm to extract target 
information through direct and indirect relationships between IfcObject and IfcPropertySet, 
respectively. As per Figure 5.6(a), an IfcRelDefinesByProperties instance with the ID number of 
#6592 was first extracted. The algorithm then extracted the ID numbers of an IfcObject instance 
(#6540) and an IfcPropertySet instance (#6590) that are referred by the extracted 
IfcRelDefinesByProperties instance (#6592). Based on the ID numbers (#6540 and #6590), an 
instance of IfcWallStandardCase and an instance of IfcPropertySet were found, respectively. For 
IfcWallStandardCase instance (#6540), the algorithm extracted the object name ('Basic 
Wall:Exterior - Brick on Block:138157') and objet type ('Basic Wall:Exterior - Brick on 
Block:130892'), and stored them in the information dictionary. For IfcPropertySet instance 
(#6590), the algorithm extracted the ID numbers of all IfcProperty instances (#6507, #6508, #6509, 
#6510, #6589), and then searched for the IfcProperty instances based on the ID numbers. For 
example, #6589 IfcPopertySingleValue was found, and its property name (FireRating) and 
property nominal value (IFCLABEL ('4 HR')) were extracted and stored in the information 
dictionary. The algorithm then searched for the property name (FireRating) in the predefined list 
of non-value-specific properties, and its name (FireRating) was not found in the list. #6589 
IfcPropertySingleValue was, thus, considered as a value-specific property, and was kept in the 
information dictionary. On the contrary, #6507 IfcPropertySingleValue was also found based on 
the ID numbers, but its property name (Reference) was found in the predefined list. This property 
was, thus, considered as a non-value-specific property, and was removed from the information 
dictionary.  
As per Figure 5.6(b), an IfcRelDefinesByType instance with the ID number of #71011 was first 
extracted. The algorithm then extracted the ID numbers of the IfcObject instances (e.g., #6540, 
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#6618, #6696) and an IfcTypeObject instance (#6513) that are referred by the extracted 
IfcRelDefinesByType instance (#71011). Based on the ID numbers (e. g, #6540 and #6513), an 
instance of IfcWallStandardCase and an instance of IfcWallType were found, respectively. For 
IfcWallStandardCase instance (#6540), the algorithm extracted the object name ('Basic 
Wall:Exterior - Brick on Block:138157') and objet type ('Basic Wall:Exterior - Brick on 
Block:130892'), and stored them in the information dictionary. For IfcWallType instance (#6513), 
the algorithm extracted the ID numbers of all IfcPropertySet instances (#6315, #6317, #6319, 
#6321, #6323, #6325, #6484, #6486, #6597, #6512), and then searched for the IfcPropertySet 
instances based on the ID numbers as well as the IfcProperty instances included in each of the 
IfcPropertySet instances. For example, #6513 IfcPropertySet was found, and its IfcProperty # 6510 
was found subsequently. The property name (Roughness) and property nominal value 
(IFCINTEGER (1)) were extracted and stored in the information dictionary. The algorithm then 
searched for the property name (Roughness) in the predefined list of non-value-specific properties, 
and this name was not included in the list. # 6510 IfcPropertySingleValue was, thus, kept in the 
information dictionary.  
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 (a) 
 
(b) 
Figure 5.6. Examples of Application of the BIM Information Extraction Algorithm 
 
5.1.2.4 Information Extraction Algorithm Implementation  
The algorithm was implemented, using Java 7 (Oracle 2016a), in a software system for value-
specific BIM information extraction for supporting further automated multidimensional value 
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analysis. The system supports the extraction of all value-sensitive design information (i.e., all 
target IFC data instances) from an IFC-based BIM instance model. Figure 5.7 shows a screenshot 
of the system interface. As per Figure 5.7, all building objects and their value-specific properties 
were automatically extracted and represented in the form of an ontology hierarchy for better 
visualization, where the property information of each building object is summarized and displayed 
in the form of two tables. One table includes all the property information of this specific building 
objet, and the other table includes all the property information related to the building object type.  
 
Figure 5.7. Screenshot of BIM Information Extraction System Interface  
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5.1.2.5 Verification 
5.1.2.5.1 Verification Methods  
The verification was conducted to ensure that the information automatically extracted from an 
IFC-based BIM instance model does not miss any value-specific design information (i.e., building 
objects or properties). The extracted BIM information was compared with those in a manually-
developed gold standard. The gold standard includes all information items that are related to the 
building objects and their value-specific properties in a BIM test case. The verification was 
conducted using the measures of precision and recall. Precision is defined as the number of 
correctly extracted information items (i.e., instances of building objects with their properties) 
divided by the total number of information items extracted (Manning et al. 2008). It is calculated 
using Eq. (5.1). 
𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =  
𝑇𝑃
𝑇𝑃+𝐹𝑃
                                                            (5.1) 
where TP = total number of information items that were correctly extracted, and FP = total number 
of information items that were incorrectly extracted.  
Recall is defined as the number of correctly extracted information items divided by the total 
number of information items that should have been extracted (Manning et al. 2008). It is calculated 
using Eq. (5.2).  
𝑅𝑒𝑐𝑎𝑙𝑙 =  
𝑇𝑃
𝑇𝑃+𝐹𝑁
                                                            (5.2) 
where TP = total number of information items that were correctly extracted, and FN = total number 
of information items that are relevant but were not extracted.  
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5.1.2.5.2 Experimental Testing and Results  
Two initial verification tests were conducted to verify the proposed BIM-based information 
extraction method. For the initial verification, two BIM instance models were used: a duplex 
apartment building model and a midsize office building model. They are the common building 
information models published by buildingSMART alliance (a council of the National Institute of 
Building Sciences) for evaluating model or software functionality or applicability (East 2016). The 
architectural models of the two buildings were used, which include the core building objects such 
as walls, slabs, roofs, windows, skylights, doors, stairs, and ramps. Each object has its specific 
properties, such as fire rating, thermal transmittance, etc. Additional property information was 
added in the BIM model based on the extended IFC schema by consulting with two architectural 
designers. For example, the acoustic rating of the exterior wall of the duplex apartment building 
was added as 61.9 based on the materials and structure of the wall. The IFC instance models of the 
two models are composed of approximately 40,675 and 62,930 data instances, respectively.  
The information extraction results are summarized in Table 5.6. As per Table 5.6, a total of 268 
and 1,085 information items were extracted from the duplex apartment model and the office 
building model, respectively. These numbers were then compared to those in the manually 
developed gold standard. A 100% precision and a 100% recall were achieved for both test cases, 
which indicates that the proposed method did not miss any value-specific design information. 
Table 5.6. Information Extraction Testing Results 
Test case Duplex apartment building model Office building model 
Number of information items correctly extracted 268 1085 
Total number of information items extracted 268 1085 
Total number of information items in the gold 
standard 
268 1085 
Precision 100% 100% 
Recall 100% 100% 
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5.2 Proposed BIM-integrated, Human-Centered Automated Value Analysis Prototype 
System 
The proposed system is composed of three main modules: (1) stakeholder input capturing module, 
(2) building information extraction module, and (3) value analysis module. The main modules of 
the proposed system are presented in Figure 5.8. A flow chart that illustrates the main functions 
and information flow of the proposed system is presented in Figure 5.9.  
 
Figure 5.8. Main Modules of the Proposed Automated Value Analysis System 
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Figure 5.9. Flowchart of the Proposed Automated Value Analysis System 
 
The stakeholder input capturing module aims to capture input from the stakeholders for further use 
by the value analysis module. The target input includes:  
(1) Stakeholder information and profiling data: The module allows the users to directly input their 
user names and select the stakeholder group (e.g., owner, designer, contractor) they belong to 
based on a stakeholder group hierarchy (Figure 5.10).   
(2) Stakeholders’ systems of value priorities: The module allows the users to select the stakeholder 
values that they choose to analyze for their specific building projects and solicits their opinions 
on the importance of each of the selected values. Users can either select a partial set of the 
stakeholder values or the complete set of the stakeholder values from a stakeholder value 
hierarchy (Figure 5.11). A six point Likert scale is used to capture the importance rating (5 = 
extremely important, 4 = very important, 3 = important, 2 = moderately important, 1 = slightly 
important, and 0 = not at all important). The collected ratings are then transformed into 
stakeholder value importance (SVI) scores (ranging from 0 to 1) using a normalization 
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function. The SVI data of each individual stakeholder is stored in an information dictionary (a 
self-defined data structure) for further value analysis.  
A screen shot of the user interface for the stakeholder input capturing module is shown in Figure 
5.12. 
 
Figure 5.10. Stakeholder Group Hierarchy 
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Figure 5.11. Partial Stakeholder Value Hierarchy 
 
The building information extraction module aims to extract value-specific design information (i.e., 
relevant and sufficient information for conducting value analysis including building objects and 
their properties) from a BIM model. The module performs three main functions: 
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(1) IFC file reading: The module reads the IFC-based BIM models (.ifc files).  
(2) BIM Information extraction: The module uses the building information extraction algorithm 
to extract information on all the building objects (e.g., walls, doors, windows) and their value-
specific properties (e.g., acoustic rating, fire rating) from an IFC-based BIM model. For 
example, “IFCLABEL(‘4 HR’)” (property nominal value) “FireRating” (property name) of a 
“Basic Wall: Exterior Brick on Block: 138062” (object name) is extracted for analyzing how 
this wall fulfills fire safety (stakeholder value). The algorithm relies on the IFC schema and 
the internal data structure of the IFC-based BIM model to recursively extract IFC data 
instances based on its internal relations with other instances. The extracted value-specific 
design information is stored in an information dictionary for further value analysis.  
(3) Information visualization: The extracted building objects are represented in the form of a 
building object hierarchy. The value-specific property information (including property names 
and property nominal values) of a building object is displayed when that object is selected. It 
includes the property information related to this specific building object (e.g., Basic Wall: 
Exterior Brick on Block: 138062), and the inherited property information related to the 
building object type (e.g., exterior wall).    
A screen shot of the user interface for the BIM information extraction module is shown in Figure 
5.13. 
The value analysis module aims to quantify and analyze the value of a building to the stakeholders 
based on (1) the users’ personal systems of value priorities, which are collected through the 
stakeholder input capturing module, and (2) the value-specific design information from a BIM 
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model, which is collected through the building information extraction module. As such, the module 
performs two main functions:  
(1) Value analysis: The module uses a value analysis algorithm. The algorithm is based on the 
Build-Infra-Axio’s value quantification and aggregation models (discussed in the Points of 
Departure section). The algorithm supports the analysis of (a) the degree that each building 
object fulfills each stakeholder value based on the object-level value fulfillment degree 
function (Eq. 1), (b) the degree that the whole building system fulfills each stakeholder value 
based on the whole building value fulfillment degree function (Eq. 2), and (c) the worth of the 
whole building system to each individual stakeholder based on the worth function (Eq. 3).  
(2) Value visualization: The value analysis results are displayed to the stakeholders in a visual 
manner. The analysis results include (a) the property goodness degree of each property in 
fulfilling each stakeholder value, (b) the value fulfillment degree of each stakeholder value for 
each building object, (c) the value fulfillment degree of each stakeholder value for the whole 
building system, and (d) the worth of the whole building system to each individual stakeholder. 
The results are visualized in the form of tables, graphs, or charts, depending on the type of 
results being displayed. For example, the value fulfillment degrees of different stakeholder 
values for a building system can be visualized in the form of a bar chart to present the numerical 
degrees in a more easily interpretable manner. Visualization assists in linking stakeholder 
values to a specific design alternative to better predict and visualize the impacts of alternative 
design decisions on the value of buildings to the stakeholders. It serves as a shared language 
for supporting more informed decision making during building planning and design. The 
results can also be exported as a value analysis report for more effective information 
communication and information sharing among different stakeholders. 
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A screenshot of the user interface for the value analysis module is shown in Figure 5.14. 
The main platform of the automated value analysis prototype system was developed through 
NetBeans Integrated Development Environment (IDE) 8.1 using Java programing language. 
NetBeans IDE is an open-source integrated development environment that supports the 
development of all Java application types (Oracle 2016b). It is especially powerful in supporting 
user interface development through its editors and drag-and drop tools in the IDE.  
The proposed prototype system could be used to analyze the value of buildings to different 
stakeholders, which is further discussed in Chapter 6 – Case Studies and Value Analysis. However, 
two main limitations of the prototype system are acknowledged. First, the proposed system 
requires a BIM model with sufficient design information to conduct comprehensive value analysis. 
However, exiting BIM models are still limited in covering enough data/information on building 
object properties (e.g., sound transmission class) and integration properties (e.g., window wall 
ratio). To overcome this limitation in this thesis work, the author manually added this information 
to the BIM model. For future users, if sufficient design information is not already covered in the 
used BIM model, additional effort would be required to add such information to the BIM model.  
Second, the proposed system supports the analysis of property goodness by comparing property 
indicators against benchmarks of measure. The benchmark information is contextual. For example, 
the regulatory requirement on R-value of the walls is different in the context of residential 
buildings compared to commercial buildings. To support full automation, there is a need to 
automatically extract this benchmark information from applicable regulations or building codes. 
However, such information extraction from regulations and codes is out of the scope of this thesis. 
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In the thesis work, the benchmark information was manually defined and entered in the proposed 
system.   
 
Figure 5.12. User Interface of the Proposed Automated Value Analysis System: Stakeholder 
Input Capturing Module 
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Figure 5.13. User Interface of the Proposed Automated Value Analysis System: BIM 
Information Extraction Module 
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Figure 5.14. User Interface of the Proposed Automated Value Analysis System: Value Analysis 
Module 
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CHAPTER 6 - CASE STUDIES ON VALUE ANALYSIS 
This chapter presents the completed work of Research Task #5-Case studies on Value Analysis. 
Three case studies were designed and conducted in the context of three types of buildings 
(residential, commercial, and educational building), in order to answer the following research 
questions:   
 Is the proposed system able to predict the stakeholder rankings of the design alternatives of 
residential, commercial, and educational buildings? 
 How are the value fulfillment degrees of different stakeholder values increased or diminished 
by particular design decisions (e.g., selection of particular materials)?  
 How are the worths of different design alternatives increased or diminished by different 
stakeholders’ systems of value priorities?  
 What are the competing stakeholder values in the context of each type of building?  
 What are the tradeoffs to achieve a social maximum (i.e., maximize the worths to a group of 
stakeholders)?  
6.1 Case Study Design 
The three case studies were designed in a similar manner in terms of structure and content. For 
each case study, one-to-one stakeholder interviews were conducted to have the stakeholders use 
the prototype system to analyze the value of a building based on their own systems of value 
priorities. Each case study was composed of three parts: (1) capturing the stakeholders’ systems 
of value priorities (i.e., the importance ratings of the stakeholder values) through the prototype 
system and asking the stakeholders to rank a set of design alternatives based on their own value 
systems, (2) analyzing the value of the same set of design alternatives for the same set of 
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stakeholders using the prototype system, based on the captured systems of value priorities, and (3) 
analyzing the results of the stakeholders’ rankings and the value analysis results generated by the  
prototype system.  
A building information model was used for each of the case studies. For the case study on 
residential buildings, a duplex apartment building model was used. It is one of the common 
building information models published by buildingSMART alliance (a council of the National 
Institute of Building Sciences) (East 2016) for evaluating the functionality and applicability of 
models or software. For the case study on commercial buildings, a midsize office building model 
was used, which is also published by buildingSMART alliance. For the case study on educational 
buildings, the Electrical and Computer Engineering (ECE) building at the University of Illinois at 
Urbana-Champaign was used. The 230,000 square feet ECE building was designed by 
SmithGroup. The building provides 45 instructional and research labs, 48 private faculty offices, 
280 graduate student workstations, and a variety of areas for student study and collaboration. The 
building received a LEED Platinum certification (SmithGroupJJR 2016).  
For simplicity and efficiency of the case studies, six major systems (or components) of each 
building were identified and studied in the case studies: exterior wall system, roofing system, 
flooring system, windows, doors, and stairs (including railings). For each building, two additional 
design alternatives (with different elements and properties) – in addition to the original design – 
were developed in consultation with three architectural designers. The information about the 
original design as well as the two alternative designs are summarized in Table 6.1, Table 6.2, and 
Table 6.3. Accordingly, seven relevant stakeholder values were considered in the case study, which 
is presented in Figure 6.1.  
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Table 6.1. Design Details of the Duplex Apartment Building 
Aa Component Exterior wall Roof 
Floor (ground 
level) 
Window Door Stair & Railing 
A
lt
er
n
at
iv
e 
I 
Name 
Concrete block 
wall 
Wood roof Concrete floor Fixed window 
Metal exterior 
door 
Wood stair 
Structure/fram
ing 
8"x 8" x 16" 
Concrete block 
2x12 Wood 
joists 
5" Concrete slab 
on grade 
Aluminum 
frame 
Steel frame N/A 
Interior 
sheathing 
5/8" Type X 
gypsum board 
2 Layers of  
5/8" type X 
gypsum board 
5/8" Type X 
gypsum board 
N/A N/A N/A 
Insulation 
3" Fiberglass 
board rigid 
insulation 
2 Layers of 3" 
fiberglass board 
rigid insulation 
3" EPS rigid 
insulation 
N/A N/A N/A 
Exterior 
sheathing 
N/A 
3/4" Plywood 
sheathing 
3/4" Plywood 
sheathing 
N/A N/A N/A 
Substrate 
1-5/8" Metal 
stud layer 
1" Wood furring N/A N/A N/A N/A 
Thermal/air 
layer 
1" Air space 1" Air space N/A N/A N/A N/A 
Membrane 
layer I 
(weather 
barrier) 
Asphalt felt 
paper 
1/4" Roofing 
weather barrier 
N/A N/A N/A N/A 
Membrane 
layer II (vapor 
retarder) 
0.002" 
Polyethylene 
sheet 
1/4" Roofing - 
ethylene 
propylene diene 
monomer 
(EPDM) 
membrane 
0.002" 
Polyethylene 
sheet 
N/A N/A N/A 
Finish Brick veneer 
2-1/2" Site-
grass 
Carpet N/A N/A N/A 
Window glass 
pane/ Door 
panel 
N/A N/A N/A 
Double glazed, 
high-solar-gain, 
low-emissivity 
(low-e) glass,  
1/2" air space 
Residential steel 
door, prehung, 
insulated 
N/A 
Tread N/A N/A N/A N/A N/A 
Non-slip taped 
on wood panel 
Riser N/A N/A N/A N/A N/A Wood panel 
Stringer N/A N/A N/A N/A N/A 2 x12 Lumber 
Railing N/A N/A N/A N/A N/A 
3.6' high 
aluminum 
railing 
A
lt
er
n
at
iv
e 
 I
I 
Name 
Standard wood 
wall 
Wood roof Wood floor 
Operable 
window 
Wood exterior 
door  
Wood stair 
Structure/ 
framing 
2x4 Wood stud 
framing  
2x12 Wood 
joists 
2x12 Wood 
joists 
Vinyl frame Wood frame N/A 
Interior 
sheathing 
5/8" Type X 
gypsum board 
5/8" Type X 
gypsum board 
5/8” Type X 
gypsum board 
N/A N/A N/A 
Insulation 
3-1/2" 
Rockwool batts 
cavity insulation 
with 1” 
extruded 
polystyrene 
rigid insulation 
6-1/4" 
Rockwool batts 
cavity insulation 
with 2” 
extruded 
polystyrene 
rigid insulation 
9-1/2" 
Rockwool batts 
cavity insulation 
N/A N/A N/A 
Exterior 
sheathing 
1/2" Oriented 
strand board 
(OSB) 
sheathing 
1/2" OSB 
sheathing 
5/8" Plywood 
sheathing 
N/A N/A N/A 
Substrate N/A 1" Wood furring N/A N/A N/A N/A 
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Table 6.1. (cont.) Design Details of the Duplex Apartment Building 
Aa Component Exterior wall Roof 
Floor (ground 
level) 
Window Door Stair & Railing 
A
lt
er
n
at
iv
e 
II
 
Membrane 
layer I 
(weather 
barrier) 
House wrap House wrap N/A N/A N/A N/A 
Membrane 
layer II (vapor 
retarder) 
0.004" 
Polyethylene 
sheet 
0.004" 
Polyethylene 
sheet 
0.004" 
Polyethylene 
sheet 
N/A N/A N/A 
Finish 
Woodboard 
shiplap edge 
panel siding 
Asphalt shingle Sheet vinyl N/A N/A N/A 
Window glass 
pane/ Door 
panel 
N/A N/A N/A 
Double glazed, 
moderate-solar-
gain, low-e 
glass, 1/2" 
argon spaces 
Wood panel, 
solid core, birch  
N/A 
Tread N/A N/A N/A N/A N/A 
Non-slip taped 
on wood panel 
Riser N/A N/A N/A N/A N/A Wood panel 
Stringer N/A N/A N/A N/A N/A 2 x12 Lumber 
Railing N/A N/A N/A N/A N/A 
3.6' high 
aluminum 
railing 
A
lt
er
n
at
iv
e 
 I
II
 
Name 
Structured 
insulated panel 
(SIP) wall 
SIP Roof SIP Floor 
Operable 
window 
Fiberglass 
exterior door 
Prefabricated 
wood stair 
Structure/fram
ing 
8-1/4" SIP with 
7/16" OSB both 
faced and 7-3/8" 
expanded  
polystyrene 
(EPS) Insulation 
10-1/4" SIP 
with 7/16" OSB 
both faced and 
9-3/8"EPS 
Insulation 
12-1/4" SIP 
with 7/16" OSB 
both faced and 
11-3/8" EPS 
Insulation 
Wood frame N/A N/A 
Interior 
sheathing 
5/8" Type X 
gypsum board 
5/8" Type X 
gypsum board 
5/8" Type X 
gypsum board 
N/A N/A N/A 
Insulation 
7-3/8" EPS 
foam (counted 
in SIP) 
9-3/8" EPS 
foam (counted 
in SIP) 
11-3/8" EPS 
foam (counted 
in SIP) 
N/A N/A N/A 
Exterior 
sheathing 
N/A N/A 
5/8" Plywood 
sheathing 
N/A N/A N/A 
Substrate 1" Wood furring 1" Wood furring 
Resilient 
channel 
N/A N/A N/A 
Membrane 
layer (weather 
barrier) 
House wrap House wrap N/A N/A N/A N/A 
Finish Wood siding Wood shingle Hardwood floor N/A N/A N/A 
Window glass 
pane/ Door 
panel 
N/A N/A N/A 
Triple glazed, 
suspended 
coated film, 
1/2" argon 
spaces 
Fiberglass panel N/A 
Tread N/A N/A N/A N/A N/A 
Non-slip taped 
on wood panel 
Riser N/A N/A N/A N/A N/A Wood panel 
Stringer N/A N/A N/A N/A N/A 2 x12 Lumber 
Railing N/A N/A N/A N/A N/A 
3.6' high wood 
railing, oak 
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Table 6.2. Design Details of Commercial Office Building 
Aa Component Exterior wall Roof 
Floor (ground 
level) 
Window Door Stair 
A
lt
er
n
at
iv
e 
I 
Name 
Metal framing 
wall 
Metal framing 
roof 
Concrete floor  Fixed window 
Metal double-
flush exterior 
door 
Concrete stair 
Structure/framing 
16 ga x 6" Steel 
stud framing  
Steel bar joist 
layer 
6" Concrete 
slab on grade   
Metal bronze 
frame 
Steel frame N/A 
Interior sheathing 
5/8" Type X 
gypsum board 
 5/8" Type X 
gypsum board 
 5/8" Type X 
gypsum board 
N/A N/A N/A 
Insulation 
5-1/2" Foil-
based 
fiberglass batts 
cavity 
insulation with 
1-1/2" 
fiberglass 
board  rigid 
insulation 
6-1/4" Foil-
based 
fiberglass batt 
cavity 
insulation with 
3" fiberglass 
board 
insulation 
3" EPS rigid 
insulation 
N/A N/A N/A 
Exterior sheathing N/A 
1/2" Oriented 
strand board 
(OSB) 
sheathing 
3/4" Plywood 
sheathing 
N/A N/A N/A 
Substrate 
3/4" Plywood 
sheathing 
1-1/2" Metal 
decking  
N/A N/A N/A N/A 
Thermal/air layer 1" Air space N/A N/A N/A N/A N/A 
Membrane layer I 
(weather barrier) 
Asphalt felt 
paper 
N/A N/A N/A N/A N/A 
Membrane layer 
II (vapor retarder) 
Included in 
foil-faced 
fiberglass batts 
cavity 
insulation 
Reinf 
waterproof 
2mil 
polyethylene 
backing, 1 side 
0.002" 
Polyethylene 
sheet 
N/A N/A N/A 
Finish Brick veneer  Metal shingle 
Hardwood 
floor 
N/A N/A N/A 
Window glass 
pane/ Door panel 
N/A N/A N/A 
Double glazed, 
moderate-
solar-gain, 
low-e glass, 
1/2" argon 
spaces 
Laminate-
ivory, matte 
N/A 
Tread N/A N/A N/A N/A N/A 
Concrete-cast 
in situ 
lightweight 
Riser N/A N/A N/A N/A N/A 
Concrete-cast 
in situ 
lightweight 
Stringer N/A N/A N/A N/A N/A Metal-steel 
Railing N/A N/A N/A N/A N/A 
3.6' high steel 
railing 
A
lt
er
n
at
iv
e 
 I
I 
Name 
Advanced 
wood framing 
wall 
Wood roof Wood floor 
Operable 
window 
Wood door Wood stair  
Structure/framing 
2x6 Wood stud 
framing  
2x12 Wood 
joists 
2x12 Wood 
joists 
Vinyl frame Wood, pine 
Prefabricated 
wood box stairs 
Interior sheathing 
5/8" Type X 
gypsum board 
5/8" Type X 
gypsum board 
5/8" Type X 
gypsum board 
N/A N/A N/A 
Insulation 
5-1/2" 
Fiberglass batts 
cavity 
insulation with 
1" extruded 
polystyrene 
rigid insulation 
6-1/4" 
Rockwool batts 
cavity 
insulation with 
2” extruded 
polystyrene 
rigid insulation 
9-1/2" 
Rockwool batts 
cavity 
insulation 
N/A N/A N/A 
Exterior sheathing 
1/2" OSB 
sheathing 
1/2" OSB 
sheathing 
5/8" Plywood 
sheathing 
N/A N/A N/A 
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Table 6.2. (cont.) Design Details of Commercial Office Building 
Aa Component Exterior wall Roof 
Floor (ground 
level) 
Window Door Stair 
A
lt
er
n
at
iv
e 
II
 
Substrate N/A 
1" Wood 
furring 
N/A N/A N/A N/A 
Membrane layer I 
(weather barrier) 
House wrap House wrap N/A N/A N/A N/A 
Membrane layer 
II (vapor retarder) 
0.004" 
Polyethylene 
sheet 
0.004" 
Polyethylene 
sheet 
0.004" 
Polyethylene 
sheet 
N/A N/A N/A 
Finish Vinyl siding Asphalt shingle Sheet vinyl N/A N/A N/A 
Window glass 
pane/ Door panel 
N/A N/A N/A 
Double glazed, 
moderate-
solar-gain, 
low-e glass, 
1/2" argon 
spaces 
N/A N/A 
Tread N/A N/A N/A N/A N/A 
Non-slip taped 
on wood panel 
Riser N/A N/A N/A N/A N/A Wood panel 
Stringer N/A N/A N/A N/A N/A 2 x12 Lumber 
Railing N/A N/A N/A N/A N/A 
3.6' high wood 
railing, oak 
A
lt
er
n
at
iv
e 
 I
II
 
Name 
Concrete block 
wall 
Wood Roof Concrete Floor 
Operable 
window 
Metal exterior 
door  
Wood stair  
Structure/framing 
8"x 8" x 16" 
Concrete block  
2x12 Wood 
joists 
5" Concrete 
slab on grade 
Aluminum 
frame 
Steel frame N/A 
Interior sheathing 
5/8" Type X 
gypsum board 
2 Layers of  
5/8" type X 
gypsum board 
5/8" Type X 
gypsum board 
N/A N/A N/A 
Insulation 
3" Fiberglass 
board rigid 
insulation 
2 Layers of 3" 
fiberglass 
board rigid 
insulation 
3" EPS rigid 
insulation 
N/A N/A N/A 
Exterior sheathing N/A 
3/4" Plywood 
sheathing 
3/4" Plywood 
sheathing 
N/A N/A N/A 
Substrate 
1-5/8" Metal 
stud layer 
1" Wood 
furring 
N/A N/A N/A N/A 
Thermal/air layer 1" Air space 1" Air space N/A N/A N/A N/A 
Membrane layer I 
(weather barrier) 
House wrap 
1/4" Roofing 
weather barrier 
N/A N/A N/A N/A 
Membrane layer 
II (vapor retarder) 
0.002" 
Polyethylene 
sheet 
1/4" Roofing - 
ethylene 
propylene 
diene monomer 
membrane  
0.002" 
Polyethylene 
sheet 
N/A N/A N/A 
Finish Brick veneer 
2-1/2" Site-
grass 
Carpet N/A N/A N/A 
Window glass 
pane/ Door panel 
N/A N/A N/A 
Double glazed, 
moderate-
solar-gain, 
low-e glass, 
1/2" argon 
spaces 
Steel door, 
prehung, 
insulated 
N/A 
Tread N/A N/A N/A N/A N/A Wood panel  
Riser N/A N/A N/A N/A N/A Wood panel 
Stringer N/A N/A N/A N/A N/A 2 x12 Lumber  
Railing N/A N/A N/A N/A N/A 
3.6' high 
aluminum 
railing 
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Table 6.3. Design Details of Electric and Computing Engineering (ECE) Building 
Aa Component 
Exterior 
wall  A 
Exterior 
wall  B 
Exterior 
wall  C 
Roof 
Floor 
(ground 
level) 
Window 
Door (Main 
Entrance) 
Stair 
A
lt
er
n
at
iv
e 
I 
Name 
 Concrete 
block wall 
 Concrete 
block wall 
Curtain 
wall 
Metal roof 
Concrete 
floor 
Fixed 
window 
 Glass entry 
door 
Metal stair 
Structure/fra
ming 
 12" x 8" x 
16" 
Concrete 
block 
 12" x 8" x 
16" 
Concrete 
block 
Aluminum 
frame 
Steel bar 
joist layer  
6" Concrete 
slab on 
grade 
Metal 
bronze 
frame 
Metal 
aluminum 
frame 
N/A 
Interior 
sheathing 
5/8" 
Gypsum 
board 
5/8" 
Gypsum 
board 
N/A 
1/2" 
Protection 
board 
5/8" Type 
X gypsum 
board 
N/A N/A N/A 
Insulation 
4" Exterior 
insulation 
and finish 
system 
(EIFS) 
4" Exterior 
insulation 
and finish 
system 
(EIFS) 
N/A 
2 Layers of 
2" 
Polyisocya
nurate rigid 
insulation 
3" EPS 
rigid 
insulation 
N/A N/A N/A 
Exterior 
sheathing 
N/A N/A N/A 
1/2" 
Protection 
board 
3/4" 
Plywood 
sheathing 
N/A N/A N/A 
Substrate 
7/8" Metal 
stud layer 
N/A N/A N/A N/A N/A N/A N/A 
Thermal/air 
layer 
1-5/8" Air 
infiltration 
barrier 
1-5/8" Air 
infiltration 
barrier 
N/A N/A N/A N/A N/A N/A 
Membrane 
layer I 
(weather 
barrier) 
N/A N/A N/A N/A N/A N/A N/A N/A 
Membrane 
layer II 
(vapor 
retarder) 
Included in 
EIFS 
Included in 
EIFS 
N/A 
1/4" Roof - 
EPDM 
membrane 
0.002" 
Polyethylen
e sheet 
N/A N/A N/A 
Finish 
 Masonry - 
terra cotta 
Masonry - 
terra cotta 
N/A 
White 
Thermoplas
tic 
polyolefin 
(TPO) roof 
membrane 
Carpet N/A N/A N/A 
Window 
glass pane/ 
Door panel 
N/A N/A 
1-1/4" 
Low-e glass 
panel 
N/A N/A 
Double 
glazed, 
low-e glass, 
1/2" air 
space 
Fiberglass 
and 
aluminum, 
heavy duty 
N/A 
Tread N/A N/A N/A N/A N/A N/A N/A Metal tread  
Riser N/A N/A N/A N/A N/A N/A N/A Metal riser 
Stringer N/A N/A N/A N/A N/A N/A N/A 
Stainless 
steel  
Railing N/A N/A N/A N/A N/A N/A N/A 
3.6' High 
rectangular 
handrail  
A
lt
er
n
at
iv
e 
 I
I 
Name 
 Concrete 
block wall 
 Concrete 
block wall 
 Concrete 
block wall 
Metal roof 
Concrete 
floor 
Operable 
window 
Curtain 
wall double 
glass entry 
door 
Metal stair 
Structure/fra
ming 
 12" x 8" x 
16" 
Concrete 
block 
 12" x 8" x 
16" 
Concrete 
block 
 12" x 8" x 
16" 
Concrete 
block 
Steel bar 
joist layer 
6" Cast in 
place 
concrete 
Metal 
aluminum 
frame 
Metal 
Aluminum 
frame 
N/A 
Interior 
sheathing 
5/8" Type 
X gypsum 
wall board 
5/8" Type 
X gypsum 
wall board 
5/8" Type 
X gypsum 
wall board 
5/8" Type 
X gypsum 
board 
5/8" Type 
X gypsum 
board 
N/A N/A N/A 
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Table 6.3. (cont.) Design Details of Electric and Computing Engineering (ECE) Building 
Aa Component 
Exterior 
wall  A 
Exterior 
wall  B 
Exterior 
wall  C 
Roof 
Floor 
(ground 
level) 
Window 
Door (Main 
Entrance) 
Stair 
A
lt
er
n
at
iv
e 
II
 
Insulation 
4" Exterior 
insulation 
and finish 
system 
(EIFS) 
4" Exterior 
insulation 
and finish 
system 
(EIFS) 
4" Exterior 
insulation 
and finish 
system 
(EIFS) 
3" EPS 
rigid 
insulation  
3" EPS 
rigid 
insulation 
N/A N/A N/A 
Exterior 
sheathing 
N/A N/A N/A 
Steel roof 
panel 
3/4" 
Plywood 
sheathing 
N/A N/A N/A 
Substrate 
7/8" Metal 
stud layer 
N/A N/A 
1/4" Metal 
deck  
N/A N/A N/A N/A 
Thermal/air 
layer 
1-5/8" Air 
infiltration 
barrier 
1-5/8" Air 
infiltration 
barrier 
1-5/8" Air 
infiltration 
barrier 
N/A N/A N/A N/A N/A 
Membrane 
layer I 
(weather 
barrier) 
N/A N/A N/A N/A N/A N/A N/A N/A 
Membrane 
layer II 
(vapor 
retarder) 
N/A N/A N/A N/A 
0.002" 
Polyethylen
e sheet 
N/A N/A N/A 
Finish 
Masonry - 
terra cotta 
Masonry - 
terra cotta 
 Masonry - 
terra cotta 
Zinc 
aluminum 
alloy finish  
Carpet N/A N/A N/A 
Window 
glass pane/ 
Door panel 
N/A N/A N/A N/A N/A 
Single 
hung,  
enameled, 
standard 
glazed with 
insulating 
glass 
Fiberglass 
and 
aluminum, 
heavy duty 
N/A 
Tread N/A N/A N/A N/A N/A N/A N/A Metal tread  
Riser N/A N/A N/A N/A N/A N/A N/A Metal riser 
Stringer N/A N/A N/A N/A N/A N/A N/A 
Stainless 
steel  
Railing N/A N/A N/A N/A N/A N/A N/A 
3.6' High 
rectangular 
handrail  
A
lt
er
n
at
iv
e 
 I
II
 
Name 
Insulating 
concrete 
form (ICF) 
wall 
ICF wall 
Curtain 
wall 
Metal roof ICF floor 
Fixed 
window 
Glass entry 
door 
Wood stair  
Structure/fra
ming 
8" 
Reinforcing 
concrete 
(included in 
ICF) 
8" 
Reinforcing 
concrete 
(included in 
ICF) 
Metal 
aluminum 
frame 
Steel bar 
joist layer  
6" 
Reinforcing 
concrete 
(included in 
ICF) 
Metal 
bronze 
frame 
Metal 
Aluminum 
frame 
N/A 
Interior 
sheathing 
1/2" 
Gypsum 
board 
1/2" 
Gypsum 
board 
N/A 
1/2" 
Protection 
board 
1/2" 
Gypsum 
board 
N/A N/A N/A 
Insulation 
2 Faces of 
3-3/8" EPS 
foam 
(included in 
ICF) 
2 Faces of 
3-3/8" EPS 
foam 
(included in 
ICF) 
N/A 
2 Layers of 
2" 
Polyisocya
nurate rigid 
insulation 
11-3/8" 
EPS foam 
(included in 
ICF) 
N/A N/A N/A 
Exterior 
sheathing 
N/A N/A N/A 
1/2" 
Protection 
board 
5/8" 
Plywood 
sheathing 
N/A N/A N/A 
Substrate 
1/2" Wood 
furring 
1/2" Wood 
furring 
N/A N/A N/A N/A N/A N/A 
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Table 6.3. (cont.) Design Details of Electric and Computing Engineering (ECE) Building 
Aa Component 
Exterior 
wall  A 
Exterior 
wall  B 
Exterior 
wall  C 
Roof 
Floor 
(ground 
level) 
Window 
Door (Main 
Entrance) 
Stair 
A
lt
er
n
at
iv
e 
II
I 
Membrane 
layer (vapor 
barrier) 
spunbonded 
polyolefin 
(SBPO) air 
and water 
barrier 
Spunbonde
d polyolefin 
(SBPO) air 
and water 
barrier 
N/A 
1/4" Roof - 
EPDM 
membrane 
N/A N/A N/A N/A 
Finish 
Brick 
veneer  
Brick 
veneer 
N/A 
White 
Thermoplas
tic 
polyolefin 
(TPO) roof 
membrane 
vinyl 
compositio
n tile 
N/A N/A N/A 
Window 
glass 
pane/Door 
panel 
N/A N/A 
1-1/4" 
Low-e glass 
panel 
N/A N/A 
Double 
glazed, 
low-e glass, 
1/2" air 
space 
Fiberglass 
and 
aluminum, 
heavy duty, 
sectional, 
12' x 12' 
high 
N/A 
Tread N/A N/A N/A N/A N/A N/A N/A 
2"  Wood 
panel  
Riser N/A N/A N/A N/A N/A N/A N/A 
1/2" Wood 
panel 
Stringer N/A N/A N/A N/A N/A N/A N/A 
2 x12 
Lumber  
Railing N/A N/A N/A N/A N/A N/A N/A 
3.6' High 
aluminum 
railing 
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Value
Environmental 
Value
Social Value
Economic 
Value
Resource 
Conservation
Energy 
Conservation
Material  
Conservation
Cost Saving
Building Safety
Fire Safety
Financial 
Value 
Health and 
Comfort 
Improvement 
Indoor Air 
Quality 
Improvement
Acoustic 
Comfort
Daylight and 
Views 
Improvement  
Figure 6.1. Relevant Stakeholder Values Considered in the Case Studies 
 
6.2 Case Study Implementation  
The target participants for the case studies on residential and commercial buildings were 
responsible, impacted, and interested stakeholders of apartment or office buildings in the state of 
Illinois because these two case studies used two virtual building models. Potential participants 
were sampled from different online sources, including websites, online address books, school 
address books, mailing lists, etc. For the case study on educational buildings, the target participants 
were the real stakeholders of the ECE building because a real building model was used (i.e., ECE 
building). For the three case studies, a total of 138 potential participants were identified and 
contacted via email.  In this study, a responsible stakeholder is an organization or individual who 
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has some degree of responsibility or liability in developing or managing a building, such as an 
owner, a contractor, a designer, or a facility manager. An impacted stakeholder is an organization 
or individual who is directly or indirectly affected by the building, such as a building occupant or 
a local community. An interested stakeholder is an organization or individual who is interested in 
learning, participating, and/or providing opinions about the building, such as an environmentalist 
or a media representative (El-Gohary et al. 2006).  
Each stakeholder interview was conducted in four parts: (1) a short presentation by the interviewer 
(the author) to introduce the research purpose, (2) a short demo to explain the functions of the 
proposed system, (3) a walkthrough of the design details and the properties of the three design 
alternatives, and (4) an opportunity for the participants to use the prototype system to analyze the 
value (worth) of the three design alternatives based on their own value systems.  
6.3 Case Study Results and Analysis 
In order to analyze the case study results, a statistical analysis method and three content analysis 
methods were used: (1) Spearman’s Rank-Order Correlation, (2) frequent debriefing sessions, (3) 
“reflective commentary”, and (4) examination of existing research. Spearman’s Rank-Order 
Correlation is a nonparametric measure of the strength of association between two ranked variables 
(Laerd Statistics 2016). Frequent debriefing sessions are discussions that are held between the 
researcher and his/her supervisor (here the author and her thesis advisor, respectively) to bring a 
broad vision and different experiences and perceptions to the researcher. The discussions also 
provide a sounding board for the researcher to test his/her developing ideas and interpretations. 
Perceptions and ideas from others may help the researcher to recognize his/her own biases and 
preferences (Shenton 2004). “Reflective commentary” by the researcher aims to continuously 
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evaluate the data/content analysis as it proceeds. It is used to record the researcher’s initial 
impressions on the collected data, inference from the data, and interim findings. “Reflective 
commentary” plays a key role in monitoring the researcher’s own developing 
constructions/interpretations, which is critical in establishing credibility (Guba and Lincoln 1989). 
Examination of existing research (e.g., Smegal and Staube 2010, ORNL 2002) findings aims to 
assess the degree to which the experimental results are congruent with the existing body of 
knowledge, which is considered as a key criterion for evaluating experimental results and analyses 
(Silverman 2000).   
6.3.1 Case Study Results  
6.3.1.1 Classification of Stakeholder Responses and Ranking Results  
A total of 51 stakeholders participated in the interviews, representing a 37.0% response rate. This 
is slightly higher than “the norm of 20-30% with most questionnaire surveys in the construction 
industry” (Akintoye 2000).  
Among the 51 stakeholders, 18, 16, and 17 of them participated in the case study on the duplex 
apartment building, commercial office building, and ECE building, respectively. The results of the 
stakeholder rankings for each of the case studies are presented in Table 6.4, Table 6.5, and Table 
6.6.  
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Table 6.4. Stakeholder Rankings in the Context of the Duplex Apartment Building 
Respondent 
Rankings of alternatives by respondents 
Alt. I Alt. II Alt. III 
1 1 3 2 
2 2 3 1 
3 2 3 1 
4 1 2 3 
5 1 2 3 
6 1 2 3 
7 2 3 1 
8 3 1 2 
9 3 1 2 
10 2 3 1 
11 3 1 2 
12 3 2 1 
13 2 3 1 
14 3 1 2 
15 3 1 2 
16 1 3 2 
17 1 3 2 
18 1 3 2 
 
Table 6.5. Stakeholder Rankings in the Context of the Commercial Office Building 
Respondent 
Rankings of alternatives by respondents 
Alt. I Alt. II Alt. III 
1 2 3 1 
2 3 2 1 
3 2 1 3 
4 3 1 2 
5 2 3 1 
6 1 2 3 
7 2 3 1 
8 2 3 1 
9 1 2 3 
10 2 3 1 
11 2 3 1 
12 2 1 3 
13 1 3 2 
14 2 1 3 
15 2 1 3 
16 1 2 3 
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Table 6.6. Stakeholder Rankings in the Context of the Electrical and Computing Engineering 
Building 
Respondent 
Rankings of alternatives by respondents 
Alt. I Alt. II Alt. III 
1 1 3 2 
2 1 3 2 
3 1 2 3 
4 1 2 3 
5 1 3 2 
6 1 2 3 
7 1 3 2 
8 1 3 2 
9 1 3 2 
10 1 3 2 
11 2 3 1 
12 1 3 2 
13 1 2 3 
14 1 3 2 
15 1 3 2 
16 1 3 2 
17 1 3 2 
 
6.3.1.2 System-based Value Analysis and Results   
The system-based analysis was conducted using the proposed automated value analysis system. 
The system captures the stakeholders’ importance ratings of the set of stakeholder values, extracts 
the value-specific design information of each of the design alternatives from the BIM models, and 
then analyzes the value (worth) of each of the design alternatives based on the Build-Infra-Axio 
model. Finally, the three alternatives were ranked based on their worths, in descending order. The 
partial results of the system-based analysis of the three alternatives of each case study, are 
presented in Figure 6.2, Figure 6.3, Figure 6.4, Table 6.7, Table 6.8, and Table 6.9. 
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Figure 6.2. Value Fulfillment Degrees of the Design Alternatives in the Context of the Duplex 
Apartment Building 
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Figure 6.3. Value Fulfillment Degrees of the Design Alternatives in the Context of the 
Commercial Office Building 
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Figure 6.4. Value Fulfillment Degrees of the Design Alternatives in the Context of the Electrical 
and Computing Engineering (ECE) Building 
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Table 6.7. Worths and System-Based Rankings of Alternatives in the Context of the Duplex 
Apartment Building 
Respondent 
Worths of alternatives System-based rankings of alternatives 
Alt. I Alt. II Alt. III Alt. I Alt. II Alt. III 
1 0.654 0.345 0.622 1 3 2 
2 0.528 0.442 0.722 2 3 1 
3 0.654 0.459 0.762 2 3 1 
4 0.594 0.677 0.432 2 1 3 
5 0.715 0.485 0.366 1 2 3 
6 0.715 0.336 0.622 1 3 2 
7 0.493 0.573 0.780 3 2 1 
8 0.372 0.762 0.568 3 1 2 
9 0.335 0.568 0.542 3 1 2 
10 0.511 0.424 0.569 2 3 1 
11 0.219 0.601 0.576 3 1 2 
12 0.486 0.495 0.675 3 2 1 
13 0.620 0.266 0.526 1 3 2 
14 0.250 0.611 0.534 3 1 2 
15 0.301 0.695 0.682 3 1 2 
16 0.788 0.310 0.409 1 3 2 
17 0.698 0.398 0.387 1 2 3 
18 0.731 0.307 0.601 1 3 2 
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Table 6.8. Worths and System-Based Rankings of Alternatives in the Context of the Commercial 
Office Building 
Respondent 
Worths of alternatives System-based rankings of alternatives 
Alt. I Alt. II Alt. III Alt. I Alt. II Alt. III 
1 0.946 0.414 1.019 2 3 1 
2 0.626 0.417 0.780 2 3 1 
3 0.345 0.634 0.330 2 1 3 
4 0.439 0.588 0.311 2 1 3 
5 0.958 0.529 0.985 2 3 1 
6 0.715 0.761 0.578 2 1 3 
7 0.772 0.534 0.715 1 3 2 
8 0.760 0.433 0.805 2 3 1 
9 0.805 0.709 0.599 1 2 3 
10 0.471 0.538 0.444 2 1 3 
11 0.328 0.162 0.522 2 3 1 
12 0.604 0.577 0.494 1 2 3 
13 0.829 0.561 0.840 2 3 1 
14 0.508 0.728 0.256 2 1 3 
15 0.500 0.442 0.822 2 3 1 
16 0.663 0.594 0.456 1 2 3 
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Table 6.9. Worths and System-Based Rankings of Alternatives in the Context of the Electrical 
and Computing Engineering Building 
Respondent 
Worths of alternatives System-based rankings of alternatives 
Alt. I Alt. II Alt. III Alt. I Alt. II Alt. III 
1 0.850 0.415 0.819 1 3 2 
2 0.827 0.676 0.748 1 3 2 
3 0.720 0.671 0.610 1 2 3 
4 0.469 0.860 0.586 3 1 2 
5 0.904 0.558 0.650 1 3 2 
6 0.697 0.644 0.604 1 2 3 
7 0.837 0.465 0.792 1 3 2 
8 0.923 0.514 0.852 1 3 2 
9 0.806 0.415 0.731 1 3 2 
10 0.639 0.636 0.561 1 2 3 
11 0.696 0.670 0.708 2 3 1 
12 0.886 0.399 0.879 1 3 2 
13 0.878 0.406 0.854 1 3 2 
14 0.898 0.598 0.746 1 3 2 
15 0.766 0.583 0.669 1 3 2 
16 0.852 0.640 0.751 1 3 2 
17 0.867 0.633 0.749 1 3 2 
 
6.3.2 Case Study Analysis and Discussion 
6.3.2.1 System-based Prediction of Stakeholder Rankings of Design Alternatives 
In order to investigate if the proposed system is able to predict the stakeholders’ rankings of the 
design alternatives, the correlation between the stakeholder rankings and the system predictions 
was measured using Spearman’s Rank-Order Correlation. The results of the test were interpreted 
based on Spearman’s correlation coefficient (Spearman’s ρ) and the probability value (p-value). If 
Spearman’s ρ is positive, there is a positive correlation between the two sets of data. If the p-value 
is less than 0.05, this positive correlation is significant. A Spearman’s Rank-Order Correlation was 
conducted to check the overall correlation between the stakeholder rankings and the system-based 
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rankings for each of the three case studies. For the three case studies, the Spearman’s ρ is 0.861 
with a p-value of 0.000, 0.813 with a p-value of 0.000, and 0.853 with a p-value of 0.000, for the 
duplex apartment building, the commercial office building, and the ECE building, respectively. 
The results indicate that, overall, the positive correlations between the stakeholder rankings and 
the system-based rankings of the alternatives are very strong and significant at 0.01 level. This 
shows that the proposed system can predict stakeholder rankings, which indicates that the system 
is valid in analyzing the value (worth) of a building to the stakeholders based on their value 
systems.  
6.3.2.2 Analysis of Impact of Alternative Design Decisions on the Value Fulfillment Degrees of 
Stakeholder Values 
Different design decisions (e.g., selection of materials) have significant impacts on the degrees 
that a building fulfills different stakeholder values. A specific design decision could either increase 
or diminish the degree that the building fulfills a specific stakeholder value. Existing research has 
provided valuable knowledge and insights on the advantages or disadvantages of different design 
decisions. However, these research efforts have not provided a measure to quantify or quantifiably 
compare how these different design decisions contribute to stakeholder value fulfillment. Such 
quantification is crucial in supporting more effective and value-sensitive decision making in 
building design. Thus, the rest of the section focuses on quantitatively analyzing the impact of 
alternative design decisions on the value fulfillment degrees of stakeholder values.  
As can be seen from Figure 6.2, Figure 6.3, and Figure 6.4, different design alternatives have 
different value fulfillment degrees in each of the stakeholder values. In the context of the duplex 
apartment building, compared to using a concrete block (Alternative I) or a standard wood framing 
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(Alternative II) envelope system, selecting a structural insulated panels (SIPs) envelope system 
(Alternative III) achieves the highest value fulfillment degrees in energy conservation and indoor 
air quality improvement, but results in lower value fulfillment degrees in acoustic comfort, fire 
safety, material conservation, and daylight and views improvement. For example, the energy 
conservation value fulfillment degree of Alternative III is 0.802 and 0.489 higher than that of 
Alternative I and II, respectively. This result is supported by a study published by the U.S. 
Department of Energy’s (DOE) Oak Ridge National Laboratory (ORNL), which states that a SIP 
home achieves 90% less air leakage (which is a major concern of energy efficiency) comparing to 
a stick-framed counterpart with fiberglass insulation (ORNL 2002). The study also shows that a 
4” SIP wall rated at R-14 outperforms a 2x6 stick framed wall with R-19 fiberglass insulation 
(ORNL 2002). Similarly, other studies by different institutions and individual researchers have 
demonstrated that SIPs are one of the most airtight and well-insulated assemblies (SIPA 2016, 
Smegal and Staube 2010). A SIP provides a continuous air and vapor barrier as well as an increased 
R-value compared to the other types of assemblies. Transfer of heat, air, and vapor is slowed down 
through the assembly. Such an airtight assembly with great thermal resistance can support a high-
performance and energy-efficient envelope system (NIBS 2016).  
On the other hand, the acoustic comfort value fulfillment degree of Alternative III is 0.515 lower 
than that of Alternative I, and 0.029 higher than that of Alternative II. Research shows that a SIP 
wall (without any specialized acoustic design) does not even perform as well acoustically as a 
standard 2x4 wood framing wall (Harvey 2010). This is mainly due to its poor performance in 
resisting external noise. Complaints on external traffic noise were reported from occupants who 
live in SIP houses (Harvey 2010). Certain strategies or treatment can be implemented to enhance 
the acoustic performance of a SIP wall, such as installing standard resilient channels, adding 
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additional insulations, or adding additional oriented strand boards. In this case study, Alternative 
III featured additional standard resilient channels, which is one of the most efficient low-cost 
methods of reducing sound transmittance in wood partitions (ClarkDietrich 2016). In this specific 
case, it increases the Sound Transmitting Class to 48, and enhances its acoustic performance to be 
slightly better than that of the standard wood framing envelope system (Alternative II).  
In the context of the commercial office building, compared to using a metal framing (Alternative 
I) or a wood framing (Alternative II) envelope system, selecting a concrete block envelope system 
(Alternative III) achieves the highest value fulfillment degrees in acoustic comfort and fire safety, 
but results in the lowest value fulfillment degrees in energy conservation and cost saving. The fire 
safety value fulfillment degree of Alternative III is 0.323 and 0.484 higher than those of Alterative 
I and Alternative II, respectively. According to the International Masonry Institute (IMI 2016), “of 
all possible construction systems, masonry offers the utmost protection against fire” (IMI 2016). 
Concrete masonry is a noncombustible construction material that possesses excellent fire-
resistance properties (NWCMA 2005). The resistance of concrete masonry to fire is well 
established by extensive fire testing (NWCMA 2005). Concrete masonry envelope systems offer 
fire safety benefits such as preventing fire-spread within a building and to adjacent buildings, 
maintaining the structural integrity of load bearing walls, and protecting building egress (NWCMA 
2005).  
In addition, the concrete block envelope system (Alternative III) also offers the highest value 
fulfillment degree (0.667) of acoustic comfort among the three alternatives. This is mostly 
achieved through its excellent ability in isolating and dissipating noise. Concrete masonry offers 
excellent noise control in two ways. First, it effectively blocks airborne sound transmission over a 
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wide range of frequencies. Second, it effectively absorbs sound, thus diminishing sound intensity 
(NCMA 2012). Because of these abilities, concrete masonry has been successfully and widely 
applied in a variety of commercial buildings, such as office party walls, hotel separation walls, and 
theater sound barriers.  
In the context of the ECE building, among the three design alternatives, Alternative I has the 
highest value fulfillment degrees in daylight and views improvement, material conservation, and 
indoor air quality improvement; relatively high value fulfillment degree in energy conservation 
and fire safety; but the lowest value fulfillment degree in cost saving. Curtain walls with relatively 
high visible transmittance glass panes are used in Alternative I to offer the maximum amount of 
daylight to support occupant activities in the building, leading to the highest value fulfillment 
degree in daylight and views improvement (0.905) among the three alternatives. This reduces the 
need to turn on lights, and allows in warmth from the sun in the winter, thus facilitating energy 
efficiency at the same time. This is achieved not only through the selection of glazing materials 
but also the louvered metal canopy above the hallway, which is designed to block hot sunlight in 
the summer but to allow it inside during the winter (ECE Illinois 2016).  
Alternative I of the ECE building also offers the highest value fulfillment degree of material 
conservation (0.709) among the three design alternatives. It features the use of a high percentage 
of regional and recycled materials. Material selection plays a key role in sustainable building 
planning and design. The use of material from regional/local resources supports local economies 
while reducing transportation impact on the environment. The selection of products containing 
recycled content slows the consumption of raw material and reduces the amount of waste for 
landfills (USGBC 2009). In this specific case, the regional materials included granite from 
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Minnesota, glass from Wisconsin, and bricks and steel from Indiana. The recycled material 
included counter tops made from resin and recycled wood fiber, and metal lab cabinets made from 
recycled materials. Alternative I also features steel reinforcement, structural steel, and steel 
decking with a high percentage of recycled material (ECE Illinois 2016).   
6.3.2.3 Analysis of the Impact of the Stakeholders’ Systems of Value Priorities on the Worths  
The value (worth) of a design alternative to a stakeholder depends on the stakeholder’s personal 
system of value priorities (i.e., the importances of different stakeholder values to a specific 
stakeholder) and how this design alternative fulfills these stakeholder values. It also depends on 
how synergistically the whole set of stakeholder values fulfilled by that design alternative are 
collectively aligned with the stakeholder’s personal system of value priorities. Accordingly, as per 
Table 6.7, Table 6.8, and Table 6.9, using the proposed automated value analysis system, the 
worths of the alternatives are different to the different stakeholders.  
First, different design alternatives offer different worths to the same stakeholder based on his/her 
personal system of value priorities. In the context of the duplex apartment building, in general, 
Alternative I provides the highest worth to the respondents who attached high importance (at least 
“important”) to daylight and views improvement, indoor air quality improvement, acoustic 
comfort, and fire safety. Alternative II provides the highest worth to the respondents who attached 
high importance to material conservation, cost saving, and daylight and views improvement. 
Alternative III provides the highest worth to the respondents who attached high importance to 
energy conservation and indoor air quality improvement. For example, among the three design 
alternatives, Alternative I offers the highest worth (0.788) to Respondent#16, while Alternative II 
offers the lowest worth (0.310) to this same respondent, who rated indoor air quality improvement, 
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acoustic comfort, and fire safety as “extremely important”, daylight and views improvement as 
“very important”, energy conservation as “important”, and material conservation and cost saving 
as “slightly important”.  This is caused by two main reasons. First, Alternative I outperforms the 
other two alternatives in several stakeholder values. Among the three alternatives, Alternative I 
best fulfills fire safety (VFD=0.800), acoustic comfort (VFD=0.657), and daylight and views 
improvement (VFD=0.778). It also has a very high value fulfillment degree (0.808) in indoor air 
quality improvement. Second and most importantly, the whole set of stakeholder values fulfilled 
by Alternative I were collectively aligned with the respondent’s personal system of value priorities, 
which means that there is a high level of synergy between the two set of stakeholder values – the 
set that the respondent values the most (e.g., indoor air quality improvement, acoustic comfort, 
and fire safety) and the set that is actually fulfilled by Alternative I. On the other hand, although 
Alternative III outperforms the other two alternatives in cost saving (VFD =1.000) and material 
conservation (VFD = 0.459), and has high value fulfillment degree (0.707) in daylight and views 
improvement, the level of overall synergy between the respondent’s value systems and the design’s 
value fulfillment is relatively low. Therefore, in this specific case, Alternative I offers the highest 
worth to the respondent because it best fulfills certain stakeholder values and it achieves a high 
level of synergy with the respondent’s value system.  
Second, the same design alternative offers different worths to the different stakeholders based on 
their personal value systems. In the context of the commercial office building, in general, 
Alternative II offers the highest worth to the respondents who attached high importance to energy 
conservation, material conservation, and cost saving, but it offers the lowest worth to the 
respondents who attached high importance to daylight and views improvement, fire safety, and 
acoustic comfort. For example, among the three alternatives, Alternative II has the highest worth 
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(0.728) to Respondent#14, who rated energy conservation and cost saving as “extremely 
important”, material conservation, indoor air quality, and acoustic comfort as “important”, but fire 
safety as “slightly important”. On the other hand, this same Alternative II offers the lowest worth 
(0.433) to Respondent #8, who rated acoustic comfort, fire safety, daylight and views 
improvement, and indoor air quality improvement as “extremely important”. Compared to the 
other two design alternatives, Alternative II best fulfills energy conservation (VFD =0.590), 
material conservation (VFD =0.554), and cost saving (VFD=0.882). But it also has the lowest 
value fulfillment degrees in daylight and views improvement (0.636), indoor air quality 
improvement (0.736), acoustic comfort (0.120) and fire safety (0.272). Thus, the whole set of 
stakeholder values fulfilled by Alternative II is collectively aligned with Respondent#14’s personal 
value system, while it misaligned with Respondent#8’s personal value system. In other words, 
Alternative II achieves a much higher level of synergy with the personal value system of 
Respondent#14 than that of Respondent#8. Therefore, the worth of the same Alternative II is much 
higher to Respondent#14 than to Respondent#8.   
Based on the analysis of the results from the case studies, the stakeholders’ systems of value 
priorities have significant impacts on the worths of the design alternatives to the different 
stakeholders – they can serve as key predictive and explanatory factors of stakeholders’ 
preferences and selections. In order to provide the stakeholders with the best design alternative, 
decision makers should not only enhance the design’s ability in fulfilling individual stakeholder 
values, but also account for the stakeholders’ systems of value priorities, and strive to create a high 
level of synergy between the design’s value fulfillment and stakeholders’ value systems.  
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6.3.2.4 Analysis of Competing Stakeholder Values  
A stakeholder value competes with another stakeholder value when the increase of its value 
fulfillment degree results in the decrease of the value fulfillment degree of the other. Based on 
results of the case studies, the value fulfillment degrees of certain stakeholder values decrease with 
the increase of some other stakeholder values.  
Some stakeholder values are naturally competing. For example, cost saving (i.e., initial 
construction cost saving) is competing with a number of stakeholder values such as acoustic 
comfort, fire safety, and indoor air quality improvement. As per Figs. 9, 10, and 11, in most of the 
cases, the value fulfillment degree of cost saving increases with the decrease of these other values. 
In order to better fulfill fire safety, acoustic comfort, and indoor air quality improvement, the cost 
of the building increases. For example, in the case study on the duplex apartment building, among 
the three design alternatives, the value fulfillment degree of fire safety decreases with the increase 
of cost saving. According to a report published by the National Fire Protection Association (2014), 
the total cost for facilitating fire safety (e.g., fire prevention, protection, and mitigation to prevent 
worse losses, fire detection, and suppression) is estimated at $329 billion – roughly 2.1% of the 
U.S. gross domestic product, and new building costs for fire protection is $31.0 billion at the year 
2011 (NFPA 2014). In this specific case, the increase in cost is associated with the selection of a 
higher fire rated envelope system, a better fire resistance compartmentation, and a higher flame 
spread class interior material. Similarly, the increase in cost for fulfilling acoustic comfort and 
indoor air quality improvement is associated with the selection of a better sound resistance 
envelope system, a higher sound absorption acoustic material, and a higher percentage of low 
volatile organic compound (VOC) material.  
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Some other stakeholder values could be competing. For example, in the case studies, energy 
conservation is competing with daylight and views improvement for the commercial office 
building. For this specific case study, this is mainly due to the selection of window glazing 
material. In order to facilitate energy efficiency of the whole building, it is recommended by the 
Energy Star designation to select windows with lower U-factors to reduce heat flow through the 
windows (EWC 2016). On the other hand, in order to enhance daylight and views, the U.S. 
Department of Energy suggests selecting windows with high visible transmittances to maximize 
outward visibility (U.S.DOE 1997). In this case study, compared to a single-pane or a double-pane 
window, Alternative II uses a triple-pane window, which offers the best insulation against heat. 
However, it also reduces the daylight that passes through the window, resulting in a lower visible 
transmittance. Thus, compared to the other two design alternatives, Alternative II offers the highest 
value fulfillment degree in energy conservation, while the lowest value fulfillment degree in 
daylight and views improvement. However, energy conservation and daylight and views 
improvement are not always competing because of the selection of window glazing. In some other 
cases, glazing with special tints or modified low-emissivity (low-E) coatings are available to 
reduce heat flow while mainlining high visible light transmittance. Other examples of competing 
stakeholder values include energy conservation and acoustic comfort, and energy conservation and 
fire safety. In the case studies, this is mainly due to the selection of the envelope systems. For 
example, as discussed in Section 6.3.2.2, an SIP envelope system achieves a high value fulfillment 
degree in energy conservation, but results in low value fulfillment degrees in acoustic comfort and 
fire safety. On the other hand, a concrete block envelope system achieves high value fulfillment 
degrees in acoustic comfort and fire safety, but results in a lower energy conservation value 
fulfillment degree.  
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6.3.2.5 Analysis of Tradeoffs among Multiple Stakeholder Values  
During the design process, decision makers usually engage in tradeoffs to help a set of stakeholders 
achieve a collective decision or help an individual stakeholder (e.g., a home owner or buyer) make 
a better selection. In any design scenario, there are multiple stakeholder values that need to be 
fulfilled. It is important for the decision makers to collectively analyze these stakeholder values 
and make decisions to enhance the overall worth of the building to its stakeholders.  
The existence of tradeoffs relies on the compensability in fulfilling different stakeholder values, 
which means the possibility of offsetting the disadvantages in fulfilling some stakeholder values 
by sufficiently large advantages in fulfilling other stakeholder values. For example, in the context 
of the ECE building, Respondent#9 rated all stakeholder values as “very important” except for fire 
safety, which was rated as “important”. Alternative I, although does not have the highest value 
fulfillment degrees in energy conservation, acoustic comfort, and cost saving, still offers the 
highest worth (0.806) to this respondent. This is mainly due to the alternative’s large merits in 
fulfilling daylight and views improvement and material conservation compensate for its slight 
weaknesses in fulfilling energy conservation, acoustic comfort, and cost saving. Similarly, in the 
context of the commercial office building, Respondent#4 rated all the values as “extremely 
important” except for daylight and views improvement and fire safety, which were rated as “very 
important”. Alternative II offered the highest worth (0.588) to this respondent. Although 
Alternative II only best fulfills energy conservation, cost saving, and material conservation, its 
sufficiently-large advantages in these values could offset its disadvantages in daylight and views 
improvement, indoor air quality improvement, acoustic comfort, and fire safety. Based on the case 
study results, a design alternative could still offer the highest worth to a stakeholder even though 
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it has lower value fulfillment degrees in some of the stakeholder values, as long as larger gains can 
be achieved by fulfilling other important stakeholder values. 
Such compensability in fulfilling different stakeholder values allows stakeholders to engage in 
conscious tradeoffs based on their personal systems of value priorities. If a stakeholder is willing 
to reconsider the importances of some competing stakeholder values, the worths of the design 
alternatives could change. In the context of the duplex apartment building, Respondent#10 rated 
energy conservation, indoor air quality improvement, acoustic comfort, fire safety, and cost saving 
as “important”. The selection or ranking would be easy if there is one design alternative that 
outperforms the others in all of these stakeholder values. However, none of the design alternatives 
best fulfill all of these stakeholder values. Alternative I outperforms the other two in acoustic 
comfort and fire safety, Alternative II outperforms the other two in cost saving, while Alternative 
III outperforms the other two in energy conservation and indoor air quality improvement. Given 
the respondent’s personal system of value priorities, the proposed value analysis system suggests 
that Alternative III offers the highest worth (0.569) to this respondent. However, if the respondent 
is willing to compromise (or make a tradeoff) by reducing the importance ratings of acoustic 
comfort and cost saving to “moderately important” and, in return, increasing “energy 
conservation” to “very important”, the worth of Alternative III would increase to 0.702. If the 
respondent is willing to further compromise by decreasing the importance ratings of acoustic 
comfort, cost saving, and fire safety to “slightly important” and, in return, further raising energy 
conservation to “extremely important”, the worth of Alternative III would further jump to 0.928. 
On the other hand, if the respondent is willing to reduce energy conservation and cost saving to 
“moderately important” in exchange for raising acoustic comfort to “very important”, the worth of 
Alternative I would increase from 0.530 to 0.666 – the highest among the three alternatives, while 
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the worth of Alternative III would diminish to 0.402. In a scenario in which the respondent refuses 
to compromise on cost saving and wishes to increase its importance level to “extremely important”, 
but would rather reduce the importance ratings of any of the other stakeholder values to 
“moderately important”, the worth of Alternative II would increase from 0.424 to 0.631, while the 
worth of Alternative I and III would diminish to 0.364 and 0.563, respectively. These results 
suggest that the worth of a specific design alternative to a stakeholder could highly change, if a 
stakeholder chooses to participate in conscious tradeoffs at the design or alternative selection time. 
The proposed system could be used to assist in exploring such tradeoffs in a quantifiable and more 
efficient manner. 
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CHAPTER 7 - CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
RESEARCH 
7.1 Conclusions  
7.1.1 Conclusions for Stakeholder Value Discovery   
There is a lack of research in the theoretical and empirical study of value and value discovery in 
the construction domain (Barima 2009, McManus 2002). Towards addressing this gap, this thesis 
presented theoretical and empirical research work for discovering stakeholder values in the context 
of buildings. Fifty stakeholder values were identified and classified. The importance of these 
values to the stakeholders was then investigated using a questionnaire survey. The importance 
rankings of these values were compared and the similarities and differences of opinions across 
responsible, impacted, and interested stakeholders were explored in the context of residential, 
commercial, and educational buildings. The findings of this study show that, on average, all 50 
values are at least “moderately important” to all stakeholders. Among all 50 values, indoor air 
quality improvement, fire safety, electrical safety, and energy conservation were valued the most 
by the stakeholders. Social values and environmental values were rated higher than economic 
values.  The results also show that although there is a general agreement on the importance ranking 
of values among stakeholders, for some values (e.g., noise pollution prevention, anti-theft, local 
business development), there is a significant difference in the ranking across different stakeholder 
groups and across different building types. 
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7.1.2 Conclusions for Valuation: Value Quantification and Value Aggregation  
This thesis presented an axiology-based mathematical value quantification and aggregation model 
(including three submodels) for quantifying the worth of a building (and its objects) based on its 
properties and based on stakeholder values. Comparing to existing research in each subdomain of 
building performance analysis (e.g., eQuest for energy performance analysis), the research offers 
a model that aims to quantify the collective worth of a building based on a set of stakeholder values 
(e.g., energy conservation, fire safety, indoor air quality) rather than a single stakeholder value; 
the model also incorporates the human element in a systematic and mathematical way by taking 
the stakeholders’ value systems into account. Several functions were proposed for value 
quantification and aggregation; these functions benchmark and complement existing MADM 
methods (e.g., SAW methods) by offering additional subfunctions or factors (e.g., HPG 
subfunction, OIGD factor, OVMD factor, VSS subfunction) to model high property goodness, 
object integration, object value mismatches, and value system synergy.  
A value fulfillment degree (VFD) function was proposed for value quantification. The VFD 
function identifies the fulfillment degree of each stakeholder value based on the goodness of the 
properties and the significances of the properties in fulfilling particular stakeholder values. In 
doing so, a highly good property is rewarded in the function because of its extra high contribution 
to the fulfillment of stakeholder values. Property goodness is a measure that defines how good a 
property is in fulfilling a specific stakeholder value, which is assessed systemically, extrinsically, 
or intrinsically. Property value significance is a measure that represents the significance, 
importance, or relevance of a specific property of a specific value bearer in fulfilling a specific 
stakeholder value, which is determined extrinsically or intrinsically.   
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An object value aggregation function was proposed for aggregating parts into wholes. The function 
defines the value fulfillment degree (VFD) of a whole by aggregating the VFDs and object value 
importances (OVIs) of its individual parts. In doing so, states of good integration are rewarded 
because of their extra high contribution to value fulfillment, while states of value mismatches are 
penalized because of their negative impact on value fulfillment. Integration goodness is measured 
using an object integration goodness degree (OIGD) function. OIGDs can be assessed 
systemically, extrinsically, or intrinsically. Value mismatches are measured using an object value 
mismatch degree (OVMD) function. OVMDs are measured extrinsically, on a case by case basis, 
based on theoretical knowledge or practical experiments.  
A worth (W) function was proposed for subvalue aggregations. The W function defines the worth 
of a value bearer based on the importance of different stakeholder values to the stakeholder (i.e., 
the stakeholder’s personal system of value priorities), how this value bearer fulfills these 
stakeholder values, and how synergistically the whole set of stakeholder values fulfilled by that 
value bearer are collectively aligned with the stakeholder’s personal system of value priorities. In 
doing so, states of value system synergy/alignment are rewarded and states of non-
synergy/misalignment are penalized. 
The model (including three submodels) was validated through predictive validation, which 
measures the correlation between actual stakeholder rankings (of valuated objects) and model-
predicted rankings. The results of two initial validations show that, overall, there is a very strong 
and significant correlation (0.882 and 0.855, respectively) between the two types of rankings, 
which indicates the proposed value quantification and aggregation model is valid.  
 209 
 
 
7.1.3 Conclusions for IFC Schema Extension, BIM Information Extraction, and Prototype 
System Development  
This thesis presented a study on modeling and extracting value-specific information (i.e., relevant 
building entities and properties needed for conducting value analysis) from an IFC-based BIM 
instance model to support automated value analysis of buildings using BIM data. An extended IFC 
schema and an information extraction method were proposed. The extended IFC schema extends 
the existing IFC schema (IFC 4 – Addendum 1) with new entities of building objects (e.g., 
IfcElectricGridElement, IfcParkingElement, IfcHabitatElement) and new properties (e.g., 
NoiseReductionCoefficient, CondensationResistance) in each of the property sets, in order to 
support multidimensional value analysis. The information extraction method extracts building 
objects and their value-specific properties from an IFC-based BIM instance model based on the 
extended IFC schema and the internal data structure of the IFC instance model. The proposed 
method was verified using two BIM test cases. The target value-specific information in the IFC 
files of the two test cases was automatically extracted, and compared against those in a manually 
developed gold standard. A 100% precision and recall were achieved in both cases, which indicates 
that no value-specific design information was missed.  
Based upon the proposed information extraction algorithm and mathematical value quantification 
and aggregation model, a human-centered, BIM-integrated value analysis system was developed. 
The system is composed of three modules: (1) a stakeholder input capturing module that captures 
the stakeholders’ systems of value priorities, (2) a building information extraction module that 
allows for the extraction of value-specific design information from a BIM model, and (3) a value 
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analysis module that quantifies and analyzes the value (worth) of a building based on its properties 
and multidimensional stakeholder values. 
7.1.4 Conclusions for Case Studies on Value Analysis  
This thesis presented a study on automated value analysis of buildings to facilitate value-adding 
and human-centered decision making in building planning and design. The value analysis was 
conducted, in an automated manner, using the proposed human-centered, BIM-integrated value 
analysis system. Three case studies were designed and implemented, using the proposed system, 
to analyze the impacts of alternative design decisions on the value to the stakeholders in the context 
of three different types of buildings: an apartment building, a commercial office building, and an 
educational building.   
Three main findings were drawn from the case study results. First, there are very strong and 
significant correlations between the actual stakeholder rankings of the design alternatives and the 
system-predicted rankings, which indicates that the system’s value analysis results are valid. 
Second, different design decisions have significant impacts on the degrees that a building fulfills 
different stakeholder values; a specific decision could either increase or diminish the degree that a 
building fulfills a specific stakeholder value. Also, the stakeholder’s system of value priorities 
strongly affects the worth of a building to that stakeholder; the same design alternative could have 
different worths to different stakeholders based on their different systems of value priorities. The 
worth of a building also depends on how synergistically the whole set of stakeholder values 
fulfilled by a design are collectively aligned with the stakeholder’s system of value priorities. This 
indicates the need for considering both the fulfillment-importance alignment of the individual 
stakeholder values and the overall value system synergy in building design to deliver higher value 
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(worth) buildings to the stakeholders; it is important that decision makers not only enhance a 
design’s ability in fulfilling individual stakeholder values, but also take the stakeholders’ systems 
of value priorities into account and seek to create a high level of synergy between the design’s 
value fulfillment and the stakeholders’ value systems. Third, some specific pairs of stakeholder 
values are either competing naturally or competing due to a specific design decision (e.g., selection 
of materials). Tradeoffs among the competing stakeholder values have a strong impact on the 
worths of the design alternatives to the stakeholders. This indicates that conducting conscious 
tradeoffs could be a successful strategy in improving collective value delivery to all stakeholders; 
stakeholders could participate in conscious tradeoffs to drive higher worths to the whole group. 
The proposed system could assist in exploring such tradeoffs in a quantitative and efficient manner 
to deliver high collective value to the stakeholders.  
7.2 Recommendations for Future Research  
Future research is recommended in seven main directions. First, probabilistic analyses could be 
used to better model the complexities and uncertainties involved in building value analysis. 
Probabilistic modeling of the value quantification and aggregation functions could be explored to 
address the uncertainties in building properties and their behaviors in fulfilling human values, as 
well as the dynamic nature of human values. For example, the importance level of a specific 
stakeholder value to a stakeholder may change over time due to a variety of factors such as change 
in the stakeholder’s age, health conditions, experiences, needs, etc. Probabilistic analyses could be 
used to analyze such changes and uncertainties.  
Second, collective value aggregation (along the stakeholder hierarchy) could be studied in future 
research. Collective value aggregation would aim to mathematically aggregate the values (worths) 
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of a building to individual stakeholders to define the collective value (worth) of the building to a 
group of stakeholders. When conducting collective value aggregation, stakeholder relevance could 
also be taken into account. Different types of stakeholders may have different relevance levels in 
different decision-making contexts. Relevance of stakeholder groups to building projects are 
context-dependent. For example, relevance may vary by building type, size, location, etc. Different 
approaches and models for collective value aggregation could be proposed and studied.  
Third, further validation of the proposed model could be conducted using different sets of 
stakeholders in the context of different types of buildings. When conducting such extended 
validation, other research methods could also be used to solicit stakeholder input – about the 
ranking of design alternatives – in a more systematic manner. For example, if more stakeholder 
values or design alternatives are involved in the validation experiments, the Analytical Hierarchy 
Process (AHP) method could be used by the participants to rank the set of design alternatives.  
Fourth, further research is recommended to study the extension and extraction of object integration 
information (i.e., the properties that define whether the building objects are well-integrated or not 
such as window-wall ratio) in IFC-based BIMs. Existing building information models only contain 
object property information (i.e., the properties of the individual building objects). To facilitate 
full automation of the entire building value analysis, there is a need to extract and utilize the object 
integration properties to assess the integration goodness of the objects.  
Fifth, future research could be conducted to study the application of the proposed human-centered, 
BIM-integrated automated value analysis model and system in different enterprises and companies 
within the AEC industry. Future research is recommended to study the potential benefits, barriers, 
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and limitations of utilizing the proposed value analysis model, as well as study the steps and 
procedures that can be taken to promote wide and successful implementation.  
Sixth, further automated value analysis studies could be conducted towards wider and deeper 
understanding of value delivery in the construction domain. The analyses could be conducted not 
only in the context of different types and scales of buildings (e.g., high-rise skyscrapers) but also 
in the context of infrastructure systems (e.g., large scale highway projects). A wider scope of 
stakeholder values could also be considered in the analyses. In particular, further research is 
recommended to test and evaluate how the proposed valuation model can be adapted and applied 
in quantifying and analyzing the value of infrastructure systems (e.g., transportation systems) by 
accounting for a variety of infrastructure stakeholder values.   
Seventh, other research thrusts in the area of value analysis could be explored to further advance 
the knowledge and understanding of value delivery and value analysis in the construction domain, 
including (1) value transformation: how can stakeholder values be consistently transformed into 
technical requirements in all phases of the building lifecycle, (2) value alignment: how to analyze 
and align conflicting human values, (3) value adaptation: how to develop dynamic, adaptive value-
based solutions for changing environments, including changes in human values across time, (4) 
intrinsic valuation: how to best address intrinsic valuation (i.e., valuation based on stakeholder 
judgment in terms of aesthetical, emotional, or spiritual aspects) in the context of project delivery 
and how to handle biases in value determination, and (5) value fulfillment and human satisfaction: 
how does the fulfillment of stakeholder values affect the satisfaction levels of different 
stakeholders.   
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